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Abstract

In this Thesis, I present a search for eclipsing companions to white
dwarf stars, with the aim of studying and more accurately constraining the
properties of evolved planetary systems.

I first undertake an independent, ground-based survey of metal-rich white
dwarfs with similar physical properties to WD1145+4-017, the first discovered
white dwarf hosting a disrupting planetesimal. While no transit-like features
are detected in the survey, photometric variability is discovered in two ob-
jects. I investigate the nature of such variability in both objects. At the time
of writing this work, I am awaiting spectroscopic data for one of the targets
in order to search for evidence of an unseen companion. The second object
reveals no radial velocity variations, thus the most likely source of variability
is determined to be accretion events from the surrounding environment.

Moreover, 1 take part in analysing the white dwarf sample in Campaign 14
of the Kepler K2 mission, sampling 368 white dwarfs brighter than 20 mag.
In the sample, I find a brown dwarf totally eclipsing a white dwarf with a
period of ~133 minutes. Only two other eclipsing white dwarf 4+ brown dwarf
systems were known previous to this discovery.

Finally, I present the discovery of two post common-envelope binary systems
in the Next Generation Transit Survey. The first system consists of an M4
star orbiting a cool (~7500 K) white dwarf with a period of ~13.85 hours.
Only one other system similar to this had been previously discovered. The
second binary is a younger, hotter system, in which an ~18,000 K white dwarf
is eclipsed by a late-K or early-M main sequence companion.
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Chapter 1

Introduction

1.1 Overview

97% of the stars present in our Galaxy will end their lives as white dwarfs,
making these objects the most common type of stellar remnant. It is therefore
crucial to understand the processes that lead to the formation of such rem-
nants, as well as the consequences that these processes will have on pre-existing
planetary systems orbiting their progenitor stars.

Since the discovery of the first extrasolar planet (Wolszczan and Frail,
1992), thousands of planets have been discovered orbiting other stars. To
date (August 2019), www.exoplanets.org reports 3262 confirmed planetary
systems, and 2485 that appear as candidates from the Kepler mission. The
vast majority of these planets are found orbiting main sequence stars, and in
some cases they are observed around evolved stars (Lee et al., 2013; Ciceri
et al., 2015), and even in extreme environments like in the case of pulsar PSR
1257412 (Wolszczan and Frail, 1992).

To date, no planets have been observed around a white dwarf star. This



is most likely due to the physical characteristics of these systems, which pose
limitations on their chance of being observed, as well as the precision of such
observations. Nevertheless, many large-scale surveys have been undertaken in
the last decade, such as the DODO (Degenerate Object around Degenerate
Object) survey (Burleigh et al., 2008; Hogan et al., 2009), The SuperWASP
survey (Faedi et al., 2011), the Pan-STARRS1 survey (Fulton et al., 2014)
and the DECam Minute-cadence survey (Belardi et al., 2016; Dame et al.,
2019). Discovering a planetary system around a white dwarf would not only
provide us with precious information on the fate of planetary systems beyond
the main sequence, but would also give us a better opportunity to study the
characteristics of extrasolar planets, thanks to the low luminosities of these
stellar remnants.

In the following sections, I will provide a brief outline to white dwarfs
and their characterisation. [ will also discuss the properties of metal-rich
white dwarfs and debris discs found orbiting such stars. I will then discuss
the characteristics of sub-stellar companions to white dwarfs (such as brown
dwarfs and planets) and other sources of variability in the light curves of these

stellar remnants.

1.2 White Dwarfs

1.2.1 Evolution of White Dwarfs

When an average, M<8 M main sequence star exhausts all the hydrogen in its
core by fusing it into helium, hydrostatic equilibrium is no longer maintained

and the stellar core will start to cool and collapse under gravitational pressure



(Schonberg and Chandrasekhar, 1942).

At this stage, the gravitational energy driving the collapse is converted
into thermal energy, which results in an increase in temperature in the core
of the star. The rising temperature in and around the core then accelerates
the hydrogen burning processes in the shell directly surrounding it. As the
newly fused helium falls towards the core, the central mass increases, resulting
in further contraction and hence even higher temperatures. As a consequence
of the increased energy, the outer layers of the star will expand. The star’s
brightness will increase by a factor of ~100, while the surface temperature
will decrease. This stage is known as the Red Giant Branch (RGB) of stellar
evolution.

During this stage, the outer layers will be cool enough for convection
to occur. The convective layers will then feed hydrogen into the burning shell
surrounding the core, which will subsequently release newly created helium
into the contracting core. The temperature in the centre of the star will then
increase until helium can finally be fused into heavier elements. At this stage,
the fusion processes will re-establish hydrostatic equilibrium and the core will
slowly expand, lowering the temperature of the hydrogen-burning shell and
causing the outer layers of the star to contract. The star hence enters the
Horizontal Branch (HB) of its evolution and will maintain this stage until all
the helium in the core is depleted.

At the end of this phase, the star will undergo a second giant-stage,
in which the core will contract increasing the temperature in the surrounding
shell and thus igniting helium-burning within it. The outer layers of the star
will expand again, and the star will enter the Asymptotic Giant Branch (AGB)

stage until all helium in the burning shell is consumed and the outer layers



contract for a second time.

A short phase of helium flashes or pulses follows, in which the con-
tracting layers feed more helium ash to the helium shell shortly reigniting the
process.

Eventually all burning will cease, and as the core continues to contract,
the outer layers will continue to expand until they are no longer gravitation-
ally bound to the core, forming a planetary nebula. Due to the lack of nuclear
fusion in the core, the star will no longer generate energy, and it will therefore
start to release its thermal energy over billions of years. As the core continues
to collapse, the density of electron gas will rise, and the electrons will tend
to occupy higher energy levels. No quantum state can be occupied by more
than one electron due to the Pauli Exclusion Principle. Once all the states are
filled, there will be a resistance against further contraction, known as the elec-
tron degeneracy pressure. As this pressure becomes greater than the inward
gravitational pull, the star’s core will cease to shrink, hydrostatic equilibrium

will be once again achieved and a white dwarf will be born (Fowler, 1926).

1.2.2 Characterisation of White Dwarfs

Depending on the initial mass of the progenitor main sequence star, these
remnants will have temperatures ranging between ~200,000 K (Werner and
Rauch, 2015) and <5,000 K (Hodgkin et al., 2000), masses ranging between
0.4 My and 1.4 My (Chandrasekhar, 1931), and sizes comparable to that of
Earth.

The atmospheres of most white dwarfs consist of a thin layer that makes

up for ~0.01% of its total mass. The rest of their mass consists of electrons,



oxygen and carbon (or helium, in some cases) ions, condensed in the core as a
plasma.

The main elements present in the atmosphere of a white dwarf are
detectable from their characteristic absorption features in the star’s spectral
profile. These enable us to classify what type of white dwarf is being ob-
served. The two most common types are known as DA and DB white dwarfs,
depending on whether their atmospheres consist of pure hydrogen or helium,
respectively. Other — less frequent — categories include DZ (showing metal
lines only), DQ (in which Carbon is present in atomic and/or molecular form)
and DC white dwarfs (characterised by a featureless continuum).

Of course, sub-classes do exist. For example, DA and DB objects show-
ing evidence of metal contamination are classified as DAZ and DBZ respec-
tively. The high density of a white dwarf will result in heavier elements sinking
to the centre of the star relatively quickly (from days to a few million years), as
shown in multiple white dwarf models (Fontaine and Michaud, 1979; Vauclair
et al., 1979; Alcock and Illarionov, 1980). It is deduced from these models that
DAZ’s and DBZ’s are rather young and hot objects, unless metals are continu-
ally replenished from an outside source (see below). Their higher temperature
also signifies higher radiative pressure from the core, which contributes to
holding heavier elements on the surface of the white dwarf for longer (Chayer
et al., 1995). As the average lifespan of a white dwarf is of at least a few
billion years, the sinking process of elements heavier than helium takes place
on much shorter timescales and we therefore expect only a minority of white

dwarfs to show evidence of metals in their photospheres.



1.3 Metal-Rich White Dwarfs

As previously mentioned, some — a few hundred — white dwarfs show evidence
of metal contamination in their atmosphere (Vauclair et al., 1979; Fontaine and
Michaud, 1979; Alcock and Illarionov, 1980). Since the rate at which heavier
elements sink into the core of a white dwarf is relatively quick compared to
the star’s lifetime , this means that these metals must originate from a source

external to the star.

1.3.1 Sources of Metal Contamination in White Dwarfs

A significant proportion of hot (16,000 K — 77,000 K) DA white dwarfs, about
23%, have been found to be polluted with metals (Barstow et al., 2014). For
younger, hotter white dwarfs the likelihood of metal contamination due to ra-
diative levitation is higher than for older, cooler ones. If radiative levitation
were to be the sole cause for the presence of metals in the atmosphere of a
white dwarf, then stars with similar parameters such as temperature and grav-
ity should present similar atmospheric composition. However, similar white
dwarfs showed varying levels of contamination, both higher and lower than
expected. It was therefore concluded that white dwarfs must have different
sources of metal pollution (Barstow et al., 2014).

There are two leading hypotheses to explain the source of atmospheric
metals in white dwarfs. The first is accretion of material from the surrounding
Interstellar Medium (ISM) (Zeidler-K. T. et al., 1986; Fontaine and Wesemael,
1987; Koester, 1989). However, this presents some issues, as the ISM mainly
consists of hydrogen and helium, while metals are present in a much lower

proportion. Therefore, if accretion were to originate from the ISM, we would



expect to see evidence of hydrogen being accreted onto the stellar atmosphere.
However, the existence of DBZ white dwarfs — which are almost (if not com-
pletely) depleted of hydrogen (Aannestad et al., 1993; Wesemael, 1979) —, puts
this hypothesis out of discussion. If accretion from the ISM were to happen
over a significant amount of time, the accreted hydrogen would not sink to the
core of the star over time, and should in fact build up in the star’s atmosphere
(Dupuis et al., 1992, 1993a,b).

Another issue with this hypothesis arose from a later study by Farihi
et al. (2010) on white dwarfs in close proximity with one another. In the event
of travelling through the same ISM region, these objects should show similar
levels and types of contamination. However, the study resulted in no evidence
of such correlation.

In addition, due to the gravitational sinking times of heavier metals to
the core of a white dwarf being of the order of days to a few million years
(Paquette et al., 1986), the very existence of DAZ white dwarfs would imply
a very recent and/or ongoing accretion. For such accretion rate to happen,
there would have to be a very high frequency of dense, metal-abundant ISM
regions. This, however, does not match with observations (Welsh et al., 1994,
1999).

Due to these reasons, a second hypothesis has been found to be the
most probable explanation to the presence of metals in the atmospheres of
some white dwarfs, i.e. accretion from metal-rich bodies orbiting the white

dwarf (Jura, 2003; Alcock et al., 1986).



1.4 Planetary Systems Around White Dwarfs

As mentioned in section 1.1, there is evidence of planets orbiting stars that
have evolved past the main sequence stage. This suggests that some planets
may survive the death of their host star, or that they may form from the debris
left behind by a supernova explosion in a second planet-formation cycle — e.g.
pulsar PSR 1257412 (Wolszczan and Frail, 1992). It is therefore required to
confirm this theory by ascertaining the existence of debris around white dwarf

stars.

1.4.1 Debris Disks Around White Dwarfs

The first evidence of a debris disc around a white dwarf was published by
Zuckerman and Becklin (1987), who detected an infra-red (IR) excess in the
spectral energy distribution of white dwarf G 29-38. Since then, it has been
observed that at least 4.3% of white dwarfs are hosts for circumstellar gas and
dust discs (Barber et al., 2012).

When G 29-38 was first discovered, the IR excess was attributed to
the presence of a brown dwarf orbiting the host star. It was only later that
models postulated the presence of dusty debris due to a small rocky body, such
as an asteroid. It was theorised that the object was disrupted by the star’s
gravitational pull after being perturbed into an eccentric orbit and having
crossed the Roche limit (Jura, 2003). Furthermore, Jura (2003) and Veras
et al. (2013) proved that the dust would settle into a thin disk orbiting the star,
and that it would accrete onto the white dwarf’s atmosphere over time. The
accretion explains the presence of heavier elements polluting the atmospheres

of some white dwarfs, and the presence of a disc being irradiated by the hot



host star provides an explanation for the IR emission in the stellar spectral
profile.

Further evidence of the existence of discs around white dwarfs was pro-
vided by Génsicke et al. (2006b), who identified broadened emission lines of
Calcium in a sample of white dwarfs observed by the Sloan Digital Sky Survey
(SDSS). The broadening of these lines confirmed the presence of a rotating
gaseous disc around the star. It was furthermore demonstrated that the emis-
sion was originating from within the Roche limit of the white dwarf, thus
consolidating the hypothesis of the disc being formed as a consequence of a
disrupting rocky body.

In order for disruption to happen, a planetesimal has to spend at least
part of its orbital phase inside the Roche limit. However, rocky planets and
asteroids would not naturally form at such short orbital distances from the
white dwarf. Moreover, any star going through the RGB and AGB phase
would destroy any planets or asteroids in such short periods. The most credible
theory as to why such planetesimals approach and cross the Roche limit is the
existence of unseen larger planets, brown dwarfs or stars farther out in the
system that perturb the smaller rocky object into an eccentric orbit after the
AGB phase of the star’s evolution. To further support this theory, it has been
found that the abundances of metals in white dwarf photospheres are similar to
those of various rocky bodies present in our Solar System (Figure 1.1, Génsicke
et al., 2012). Figure 1.1 shows the chemical abundances of planetary debris
around four metal polluted white dwarfs, compared to those of Earth, the Sun
and various classes of asteroids in the Solar System. While there are many
similarities, the relative abundaces of rocky constituents (such as Fe, Si, O

and Mg) present quite a lot of scatter among the white dwarfs. This is due



to the fact that these elements may occur in the form of different minerals
and compounds (such as metal oxides or water) as well as in their pure form.
The abundance of a certain element around a polluted white dwarf is strictly
dependent on the processes that the system underwent during its formation
and evolution (e.g. Jura and Xu, 2010), and a certain level of diversity is

therefore expected (Génsicke et al., 2012).

1.4.2 Planetary Systems Around White Dwarfs
Theoretical Models

Debris discs already provide evidence for the possible existence of evolved plan-
etary systems around white dwarf stars. It is however crucial to understand
how such systems may come to be. During the Kepler Mission, most main
sequence stars discovered to be the hosts of planetary systems are found to
have planets in short period orbits, and therefore close to their star. If closer
than ~1 AU to their parent star, these planets will certainly be destroyed and
engulfed by the star as it evolves through the RGB phase (Nordhaus et al.,
2010; Villaver and Livio, 2007). Due to the transferring of a planet’s orbital
angular momentum to the star’s rotational angular momentum, the orbital
distance of the planet will decrease steadily, and the planet will spiral in to-
wards the host star (Livio and Soker, 1984; Sackmann et al., 1993; Siess and
Livio, 1999a,b).

Jovian planets that are further out may survive the RGB and AGB
phases of the star’s evolution. However, planets that are closer than ~5 AU
may still be partially or completely destroyed during the planetary nebula

phase. Once the star’s outer layers have finally blown off, the surviving stellar
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Figure 1.1: Photospheric chemical abundances of metal-polluted white dwarfs
from Génsicke et al. (2012). The four panels show a range of different metal-
to-Si ratios for four metal polluted white dwarfs. These are compared to the
abundances of bulk-Earth (BE) and silicate-Earth (BSE) from McDonough
(2000); solar abundances (S) and Cl chondrites (Cl) from (Lodders, 2003) and
several meteorite classes from Nittler et al. (2004) (carbonaceous chondrites in
grey, mesoderites in green, pallasites in blue, diogenites in red, howardites in
orange and eucrites in magenta). The light blue data points show abundances
for polluted white dwarfs GD362 (Zuckerman et al., 2007), GD 40 (Jura et al.,
2012) and HS 225348023 (Klein et al., 2011).
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core will have temperatures ranging between 100,000 K and 380,000 K. Plane-
tary atmospheres have high optical depths for shorter wavelength fluxes. The
planet’s atmosphere will heat up and be stripped of its outer layers due to
the high-frequency stellar flux reaching it. The outer layers will be replaced
by cooler gases found closer to the surface. At this point, the planetary at-
mosphere will start to radially expand, remaining at subsonic speeds near the
surface of the planet, but reaching supersonic speeds in its outer layers, thus
creating the perfect ‘blow-oft” conditions (Rasio et al., 1996; Villaver and Livio,
2007).

Planets at orbital distances greater than ~5 AU from their host main
sequence star will not be destroyed by the star’s expansion during its giant
phases (Debes and Sigurdsson, 2002). Jeans (1924) showed that, as a result of
the stellar mass-loss, these planets will travel adiabatically to greater orbital
distances. This expansion is proportional to the ratio of the host main sequence
star mass to that of the final white dwarf. At this point, planetary systems
may become unpacked and subsequently start to interact. Veras and Géansicke
(2015) demonstrated that due to these interactions, surviving planetary bodies
may migrate inwards, toward short-period orbits around the newly formed
white dwarf.

These planets are only shown to survive for a relatively short time,
compared to the lifetime of a white dwarf. Hence, in order to find such systems,
it is crucial to observe a large number of white dwarfs. Agol (2011) defines
Ne as the frequency at which Earth-like planets will eclipse white dwarfs.
To measure this value to an accuracy of 33% it has been estimated that a
minimum of 9 planets has to be detected. Using Poisson statistics, assuming

V/N, where N=9, the above level of accuracy will be reached by sampling at
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least 1000 white dwarfs (Agol, 2011). Therefore, these systems are believed to

be extremely rare, and the chances of detecting them are very low.
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Figure 1.2: The habitable zone (blue region) of a 0.6 M white dwarf as a
function of the white dwarf age and the planet orbital distance. The white
dwarf effective temperatures and luminosities are indicated on the right, and
the planet orbital periods are shown on the top of the top of the graph. The
dashed line represents the Roche limit for an Earth-density planet. The dotted
line indicates the limit past which a planet would remain in the habitable zone
for less than 3 Gyr (Agol, 2011).

Habitable Planets

Even though planets in short orbital periods around white dwarf stars may
be rare, the aforementioned theoretical models suggest that they would be

terrestrial in nature. This, combined to the high surface temperature and long

13



cooling times of a white dwarf, opens up the possibility of these worlds being
habitable.

Agol (2011) investigates the habitable zone of an average, 0.6 M, white
dwarf, and finds these are significantly extended and long-lived zones, as shown
in Figure 1.2. The figure shows how the white dwarf age and temperature, as
well as a planet orbital distance — and therefore period — contribute to the
possibility of such planets being habitable. Orbital distances of less than 0.002
AU are too close to the star to allow liquid water to survive on the surface
of the planet and will also cause the planet to tidally disrupt. Conversely, at
distances greater than 0.05 AU the planet will not receive enough heat from
the star and water will freeze. In terms of stellar age, younger stars are too
hot to allow liquid water to form and survive, while stars that are too old will
not provide heat for long enough. At this point, even though water may be
found on the surface of the planet, there will not be enough time for life to
evolve. The habitable zone of an average white dwarf can hence generally be
found for orbital periods between 2 and 30 hours, with a maximum duration
of ~8 Gyr at an orbital distance of about 0.01 AU. These shorter periods are
very advantageous for ground observations, as they significantly increase the

chances of detecting a planet transiting a white dwarf.

1.4.3 Transiting Planets Around White Dwarfs: Sur-
veys

One of the most successful ways of detecting planets around other stars is by
looking for photometrical changes in the light curve of the host star. This has

been performed in a variety of surveys, both ground- (such as WASP, Pollacco
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et al., 2006) and in space-based (e.g. the Kepler missions, Borucki et al., 2010;
Howell et al., 2014). The probability of finding a planet eclipsing its host star
is limited, and the small size of white dwarfs decreases this probability even
further, since the viewing angle for an eclipse to be observed is reduced.

For a solar type star, the expected drop in luminosity when a planetary
eclipse occurs is very small, with a depth of ~1% for a Jupiter-like planet.
However, as the radius of an average white dwarf is only ~40% greater than
that of Earth, this number is due to increase significantly in the event of an
eclipse. Indeed, for a standard 0.6 M. white dwarf, a 1 Mg planet orbiting at
a distance of 0.1 AU would produce eclipses of ~40%, while a 10 Mg planet
at the same distance would completely eclipse the star, as shown in Figure 1.3
(Kilic et al., 2013).

Furthermore, Figure 1.3 shows an eclipse duration of ~2.5 minutes,
which is to be expected due to the size of the star being comparable to that
of a planetary body. In comparison, a transit around a main sequence star
will last a few hours. Therefore, in order to detect transiting planets around
white dwarfs, exposures at short cadences over a large number of objects are
required.

Large-scale transit surveys, mainly aimed at finding planets around
main sequence stars, have been used in the past in order to constrain the
frequency of planets around white dwarfs.

The survey conducted by Faedi et al. (2011) was the first aimed at
detecting transiting planets around white dwarfs, using existing data from
SuperWASP. A sample of 194 white dwarfs were observed in this survey, with
an aim to search for planetary objects orbiting at distances between 0.003 and

0.1 AU (which correspond to orbital periods between 2 hours and 15 days,
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Figure 1.3: A simulation of a 0.6 M. white dwarf being eclipsed by a 1 Mg
planet (black line) and a 10 Mg planet at an orbital distance of 0.1 AU (Kilic

et al., 2013).
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respectively). No planets were detected, most likely due to limitations related
to the SuperWASP survey. The survey had a photometric precision of 1-10%,
which is low for dim objects such as white dwarfs. Moreover, the observing
cadence was not optimal, with one 30s exposure every 8-10 minutes.

However, this survey allowed for constraints to be placed on the occur-
rence of planetary eclipses in the surveyed periods. Although the detection
limit for planets smaller than 1 Jovian radius was poorly constrained due to
the aforementioned limitations, it was found that the frequency of gas giants
and brown dwarfs in orbits of less than 0.2 days was <10% (Faedi et al., 2011).

A second, larger survey was conducted by Fulton et al. (2014). In this
instance, 3179 white dwarfs candidates (i.e. not spectroscopically confirmed)
present in the Pan-STARRS medium deep fields were monitored in search for
eclipsing planets. Although the sample of white dwarfs was much larger, the
cadence was even worse than SuperWASP, with only 4-8 exposures per night,
with an integration time of 240s each. Similarly to Faedi et al. (2011), no
planetary or substellar companions were discovered. However, new constraints
on the frequencies of Super-Earths, hot Super-Earths and hot Jupiters in the
habitable zone of a white dwarf were placed at less than 3.4%, 1.5% and 0.5%
respectively.

Although these two studies helped setting upper limits on the frequency
of planets orbiting white dwarfs, they were unable to set accurate constraints
due to the observing strategy of the surveys not being optimal for white dwarf
planetary systems. However, more recent, short-cadence surveys aimed at
finding exoplanets may provide us with better information.

As mentioned before, the optimal strategy to detect a planet around a

white dwarf is to observe a large number of stars with short cadences. For
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this reason, Belardi et al. (2016), followed by Dame et al. (2019), initiated a
short cadence survey using the Dark Energy Camera (DECam), an instrument
composed of 62 CCDs with a field of view of 3 square degrees. The survey
consisted of three separate fields (previously observed in the CFHT Legacy
Survey Wide 2 ! field between 2003 and 2008), each observed over 8 half-nights
with 70-90 s exposures with overall cadences of 90-110 s, due to the instrument
having a ~20 s readout time. Belardi et al. (2016) identified 111 white dwarf
candidates (using reduced proper motion and colour as proxies for luminosity
and temperature respectively) in the first observed field, while Dame et al.
(2019) surveyed all 31,732 point sources in the same field. This survey should
statistically contain ~370 white dwarfs as predicted by the Besancon Galaxy
Model (Robin et al., 2003). In both instances, no planetary transit events were
observed. When the ongoing analysis on the remaining fields is completed,
the number of surveyed white dwarfs will approach ~1000. This will be the
largest short-cadence survey aimed at white dwarfs to date, and will provide
newer, more accurate constraints on the frequency of planetary and sub-stellar

companions to white dwarfs.

1.5 Sub-stellar Companions to White Dwarfs

Although no fully formed planet has been discovered to date, a number of sub-
stellar objects, known as brown dwarfs, have been identified in close systems
with their host white dwarfs. Brown dwarfs are a unique category of objects
that are too massive to be classified as planets, but not massive enough to

fuse hydrogen into helium in their cores. They are however massive enough

Thttps://www.cfht.hawaii.edu/Science/ CFHTLS/cfhtlsdeepwidefields.html
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for deuterium burning, which occurs in all objects with masses of at least
11-16.3 M., (Spiegel et al., 2011), and hence emit some infra-red radiation.
Surveys such as Farihi et al. (2005); Girven et al. (2011); Steele et al. (2011)
and Debes et al. (2011) have shown that less than 0.4%-2% of white dwarfs
have an excess in the infra-red consistent with the presence of a brown dwarf
companion.

To date, a total of nine such systems are known and published (Dobbie
et al., 2005; Burleigh et al., 2006; Casewell et al., 2012; Steele et al., 2013;
Beuermann et al., 2013; Littlefair et al., 2014; Parsons et al., 2017; ?7; Casewell
et al., 2018), with only two eclipsing. A new, eclipsing system has been dis-
covered as part of this work, and will be discussed in Chapter 5.

A subset of these systems are known to be part the post common enve-
lope stage, proving that even sub-stellar objects with relatively low masses can
survive this stage of binary evolution. These systems will eventually evolve
into cataclysmic variables, such as the ~72 minute system identified by Par-
sons et al. (2017) and Rappaport et al. (2017), expected to reach a period of
~52 minutes within 250 Myr, thus evolving into the aforementioned stage.

In these systems, the hot white dwarf irradiates the orbiting brown
dwarf companion with UV radiation. At such close proximity, the brown
dwarf will be tidally locked to its host star, resulting in a significant tem-
perature difference between its star-facing and its dark sides. Casewell et al.
(2014) showed that this difference in temperature leads to effects such as Hy
fluorescence and the transfer of heat to the “dark” side by means of strong

winds and jet streams.
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1.6 Variability in White Dwarfs

It has often been assumed that the vast majority of white dwarf stars are
photometrically stable. However, photometric surveys such as SuperWASP
(Pollacco et al., 2006) helped reveal variability in a significant percentage of
white dwarfs, and provided an opportunity to further study these events. In
some cases (as it will be discussed below), variability in the light curve of a
white dwarf may indicate the presence of a sub-stellar companion, allowing
the discovery of planetary systems even though they do not eclipse.

The study of variable white dwarfs may provide us with crucial infor-
mation about rotation rates of these stars. Some Type Ia supernova models
require white dwarfs rotating at fast rates and accreting surrounding material
(Hachisu et al., 2012). Furthermore, studying the rate at which white dwarfs
rotate provides us with significant information about the transfer of angular
momentum between the core and the surface of these objects as they transition
off the main sequence.

However, it is difficult to measure these rotation rates. Usually, stellar
rotation can be measured from the broadening of the absorption lines in the
stellar spectrum. Unfortunately, due to the strong gravitational fields that
dominate white dwarfs, their lines are already broadened, and effects of rota-
tion cannot be observed unless the star had been previously characterised.

Other, more effective ways of measuring rotation rates can be extracted
by splitting the eigenmodes of pulsating white dwarfs, or by observing photo-

metric variations that are attributable to the white dwarf itself.
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1.6.1 Pulsating White Dwarfs

HL Tau 76 was the first pulsating white dwarf to be discovered (Landolt,
1968), displaying ~0.2 mag variations in a multitude of periods — from a
few hundreds to thousands of seconds. Today, hydrogen rich white dwarfs
(DA) presenting such variability are known as ZZ Ceti or DAV white dwarfs.
Since the discovery of HL. Tau 76, pulsations of a similar nature have also
been observed in helium white dwarfs (V777 Her or DBV stars) and even in
C/O-rich white dwarfs (GW Vir stars). These pulsations are the result of the
formation of partial ionisation zones on the photosphere of the star. Internal
gravitational and buoyancy forces give rise to non-radial oscillations known
as g-modes (Winget et al., 1981). These modes resonate within the surface
layers of the white dwarf, causing periodic variations in surface temperature
which consequently lead to luminosity variations. This phenomenon occurs
at a specific set of temperatures, depending on the composition of the white
dwarf. ZZ Ceti stars have temperatures of ~12,000K; V777 Her type stars
pulsate at ~25,000 K; lastly, a temperature of ~140,000 K is required for GW

Vir type stars to pulsate (Fontaine and Brassard, 2008).

1.6.2 Magnetic White Dwarfs

Another cause for variability in white dwarfs can be magnetic activity. Holberg
et al. (2008) found that ~5% of white dwarfs have fields stronger than 1 MG
(Kawka et al., 2007; Holberg et al., 2008; Kepler et al., 2013), while 10-20%
present fields of at least 10 kG. As a result of these magnetic fields, up to 40%
of white dwarfs show photometric variability of 0.5% or greater (Lawrie et al.,

2013a). This variability allows us to better determine rotation periods of these
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stars (Brinkworth et al., 2013; Lawrie et al., 2013a).

Photometric variability in magnetic white dwarfs can have different
causes. In high magnetic field environments, it is due to a phenomenon known
as magnetic dichroism (Ferrario et al., 1997). In this case, changes in the con-
tinuum opacity are detected due to changes in field strength across the surface
of the star. In particular, the variability is due to the magnetic field parallel
to the direction of a certain ray of light having different opacities for differ-
ent polarisations, where these polarisations are due to a variable field strength
across the surface. These variations across the white dwarf’s atmosphere result
in photometric modulations, observed as the star rotates. These modulations
can be of significant strength, reaching in some cases amplitudes greater than
10% (e.g. Barstow et al., 1995).

On the other hand, for white dwarfs with a weak magnetic field, vari-
ability is due to the differential temperature gradient in the atmospheres of
these stars. These are older, cooler white dwarfs, and therefore dominated
by convection as a source of energy transportation between the stellar core
and surface. In DA white dwarfs, this happens at temperatures cooler than
12,000K, while in DB white dwarfs, convection will dominate for temperatures
lower than 28,000K (Brinkworth et al., 2005; Maoz et al., 2015). The resulting
convective atmosphere allows the existence of stellar spots, which will affect
the brightness of the white dwarf as it rotates.

Rotation periods for these objects usually span between a few hours
and a few days, with the exception of RE J0317-853, a highly magnetic white
dwarf with a period of only 725 seconds (Barstow et al., 1995). However,
the cause of this fast rotation period was later attributed to the star being

the result of the merger of two low-mass white dwarfs (Ferrario et al., 1997).
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Lawrie et al. (2013a) individually analysed a sample of 77 magnetic white
dwarfs and noticed a correlation between the intensity of the magnetic field,
the rotational speed and the temperature of the star. This evidence helped
reinforce the hypothesis that highly magnetic white dwarfs are the result of
the merger of two stars in a close binary system, and will therefore be hotter
and faster rotating. As the newly formed object ages, the magnetic field will
then act as a brake and slow the rotation speed down.

However, some of the objects in the sample analysed by Lawrie et al.
(2013a) presented a variability that could not be explained by the afore men-
tioned theories. These were a set of objects that were too hot for spots to form

on the surface, but at the same time too cool for magnetic dichroism to occur.

1.6.3 Metal Accretion

In the field observed by the original Kepler mission, Holberg and Howell (2011)
discovered BOKS53856: a hot (~32,500 K), weakly magnetic (~350 kG) white
dwarf showing a photometric variability with ~5% peak-to-peak amplitude
and a period of ~6.1 hours. In this case, the variability of was not sinusoidal
in nature. The hypothesis of a close companion was promptly ruled out, as
a very eccentric orbit would be required to achieve the peculiar shape of the
light curve, and this would not be expected for objects in such short orbital
periods. Moreover, a further investigation of the star revealed no evidence
of an infra-red excess in its spectral energy distribution, thus ruling out the
presence of a companion.

In the end, Holberg and Howell (2011) concluded that the source of the

variability could be due to the white dwarf accreting material onto its atmo-
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sphere along the magnetic field lines. Previous evidence of this phenomenon
had been given by the first single, metal-rich hot white dwarf to be observed,
GD 394 (Holberg et al., 1999; Dupuis et al., 2001; Wilson et al., 2017). This
star showed a quasi-sinusoidal photometric variation in the extreme ultravio-
let (EUV) which was interpreted as the result of inhomogeneous accretion of
metals onto the surface of the white dwarf, resulting in changes in opacity.
Ultimately, this located the source of these metals in a reservoir orbiting the

star.

1.6.4 Stellar and Sub-stellar Companions

A study conducted by Maoz et al. (2015) provided additional information on
the source of variability in white dwarfs. Their sample consisted of fourteen
white dwarfs observed by the Kepler mission, and half of these resulted in
showing low-level variability. They concluded that the rotational effects seen
in the light curves of these stars were indeed caused by the effects mentioned
in sections 1.6.1, 1.6.2 and 1.6.3.

However, similar sinusoidal modulations could be expected in the event
of the white dwarf having a companion (Maoz et al., 2015). The variability
could in this case be attributed to a number of factors. Firstly, the variations
could arise from observing the various orbital phases of the companion as it
orbits the white dwarf. A cool companion would in fact reflect some of the
radiation incoming from the much hotter white dwarf and produce sinusoidal
variations with amplitudes dependent on the companion’s albedo. Alterna-
tively, the variability could be due to the absorption and subsequent thermal

emission from a close, cool companion. When the period is short, the com-
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panion will be tidally locked to its host star, resulting in one half of its surface
being constantly irradiated by the white dwarf. This thermal energy is conse-
quently re-emitted, and creates sinusoidal variations as different phases of the
companion’s orbit are seen. Even though it is similar to the reflection effect
mentioned above, the amplitude of these modulations is observed to increase
for redder wavelengths. Finally, a stellar-mass companion would induce an
orbital motion of the white dwarf and cause a detectable Doppler boosting
which will affect the white dwarf’s emission. This effect (first observed by
Maxted et al. (2000)) is due to the orbital motion of the stars, which causes
a shift in their radial velocities. The photon emission is hence modulated and
beamed towards the direction of motion (e.g. Bloemen et al., 2011).

After considering all these possible scenarios, it was concluded that the
variability of five of the white dwarfs in the sample could have been caused
by the presence of a companion (Maoz et al., 2015). However, the observed
variations in their light curves could have also been caused by rotational effects,
and therefore it was not possible to determine an absolute solution for the

variability of these objects.

1.7 Purpose of This Thesis

The evolution of planetary systems past the main sequence stage of their host
stars is largely unknown. ~97% of stars will end their lives as white dwarfs,
and an increasing fraction of these objects show evidence for planetary system
remnants. While hundreds of thousands of main sequence stars have been
surveyed in search for planetary systems, only a few thousands of white dwarfs

have been sampled in surveys such as the Kepler K2 mission, WASP and PAN-
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STARRS.

In this work, I present a search for eclipsing companions to white dwarfs,
in search for surviving planetary systems. Following the discovery of the plane-
tary remnants around white dwarf WD1145+017, I undertook a ground-based
photometric survey of metal rich white dwarfs, half of which are known hosts
to debris discs (Chapter 3), in search for evidence planetary transits. The
survey reveals an interesting variability in a hot metal-polluted white dwarf
(WD1201-049), and details on this systems are described in Chapter 4. In
addition to this ground-based survey, I took part in the analysis of the white
dwarf stars present in the 14" campaign of the Kepler K2 mission. In this
sample, I discovered a new system in which a brown dwarf fully eclipses the
white dwarf (Chapter 5 and Casewell et al., in prep.). Finally, in Chapter 7 I
present the discovery of two eclipsing post common-envelope binary systems,
each involving a white dwarf and a main sequence star, in the Next Generation

Transit Survey (Belardi et al, in prep.).
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Chapter 2

Methods for Reducing and

Analysing Data

In this chapter, I will describe the main two methods used to reduce and
analyse the data discussed in this work. These techniques will be discussed
in a general matter, and specific details about observations (such as dates,

cadences, etc.) will be further mentioned in the relevant science chapters.

2.1 Photometric Data Reduction

Most of the photometric data presented in this thesis was observed using the
Sutherland High-Speed Optical Camera (SHOC), mounted on the 1.0 m tele-
scope at the South African Astronomical Observatory (SAAO). Although other
facilities were used in this work — such as the Next Generation Transit Sur-
vey (NGTS, Wheatley et al., 2014, 2018) and the Kepler K2 mission (Borucki
et al., 2010; Howell et al., 2014) data —, the reduction of the data was not a

part of this thesis and therefore will not be discussed in detail.
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2.1.1 SHOC Data Reduction

Upon collecting data, the SHOC software allows the observer to select the
number of exposures one wishes to acquire in series. SHOC then stores indi-
vidual FITS (Flexible Image Transport System) images from a kinetic series
— i.e. from a series of exposures — into a single FITS cube with multiple ex-
tensions. Each extension contains one image; however, the single FITS header
is applicable to the whole cube.

In order to reduce the data into raw frames, a reduction pipeline was
developed by Marissa Kotze! at SAAO. This pipeline splits the cube into
individual FITS files and updates their headers to include both telescope and
GPS timing information. These include pointing, airmass, filters, time of
observation (both in UTC and HJD). The pipeline then uses bias and flat field
images to create a master bias and a master flat frame, which will then be

subtracted from the raw image files to correct them.

2.2 Photometric Data Analysis

2.2.1 Aperture Photometry

To proceed with analysis after reducing the data, I used a series of packages
included in the Starlink software (Currie et al., 2014) to perform aperture
photometry on the targets.

Aperture photometry is a method employed to extract the brightness (or
flux) of a star by measuring the pixel count in an area known as the aperture,

i.e. a circular region centred on the object. The pixel count from the region

Thttps://shoc.saao.ac.za/Pipeline/
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of sky surrounding the object is subsequently averaged and subtracted, to
account, for the background count rate. To determine its value, the software
employs a region of sky contained in the annulus, a ring concentric to the
aperture (Figure 2.1).

In order to determine the sizes of both the annulus and the aperture,
the software runs an automatic photometry script on the first image of the
brightest object in the imaged field using a range of different apertures. The
script then extracts the flux, the associated error, the maximum pixel count
and the signal-to-noise ratio associated with each of the apertures sampled.
The aperture associated with the highest signal-to-noise (see Figure 2.2) is
then employed to perform photometry on the rest of the images.

Once the aperture size is determined, the inner and outer limits for the

annulus are calculated as the following:

AnnuluSipner = Raper * 2.0 (2.1)

Annulusyter = Raper * 3.0 (2.2)

where Rgpe, is the radius (in pixels) of the aperture. The outer and inner
limits of the annulus are chosen so to minimise the chances of variation in the
background level, such as contamination from nearby objects or non-uniform
sky brightness.

The last step towards creating a raw light curve of a star consists of ex-
tracting the time-stamps for each of the images. This is achieved by extracting

the Heliocentric Julian Date (HJD) value from the header of each FITS image.
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Figure 2.1: An example, from SHOC data, of the aperture photometry param-
eters. The annulus, used to measure the background counts, is represented by
the inner and outer red circles, while the aperture, used to measure the source
counts, is displayed as a green circle around the targeted star.
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Figure 2.2: An example of the signal-to-noise as a function of aperture. This
plot was used to determine the aperture size to be employed by the aperture
photometry software.
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2.2.2 Differential Photometry

Aperture photometry is the first step towards producing an accurate represen-
tation of the brightness of a star over time. A number of external factors can
cause short-term variability which may be falsely attributed to the star.

When an equatorial star rises above the horizon, it will travel to its
highest point in the sky before setting again. The point at which the optical
path length of a celestial object through Earth’s atmosphere is at its thinnest
is defined as the zenith. At this point, the airmass of the object is defined as
equal to 1. However, as the object rises or sets in the sky, its incoming flux
must travel through a thicker portion of the atmosphere. Consequently, some
of its light is scattered or absorbed by the molecules present in the atmosphere,
resulting in a decreased detected flux.

Short-term effects can be caused by weather and other uncontrolled
factors. High and medium clouds can temporarily decrease the amount of
light detected from the star, as well as other atmospheric changes, such as
humidity. Moon illumination or smaller Solar System bodies travelling in the
field of view of the object may also decrease or even increase the amount of
light measured in the image.

Figure 2.3. shows an example of both airmass and weather effects on a
light curve. In the figure, there is an increase in flux towards the end of the
observation, which can be associated to the decrease in airmass as the object
travels towards its zenith. Moreover, several dips in brightness are noticeable
throughout the light curve. While some of these could be real, they are most
likely due to temporary atmospheric changes.

Due to SHOC’s small field of view of 2.85 x 2.85 arcmin, any of these
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Figure 2.3: An example of light curve of white dwarf EC11246-2923, after
performing aperture photometry, using an aperture of 8 pixels. The plot shows
several drops in brightness.

33



factors will almost certainly affect all the objects in the image, due to their
proximity to one another. This can therefore be exploited to eliminate the
temporary changes in the target’s light curve.

The method known as differential photometry consists of extracting
light curves for bright stars in the vicinity of the target. The fluxes of these
stars can consequently be averaged together and used to calibrate the target’s
flux. By dividing the target’s light curve by the average light curve gener-
ated using the comparison stars in the field, all the temporary weather-related
effects can be effectively eliminated, thus minimising the chances of a false
detection. A calibrated light curve for the same object as the one in Figure
2.3 is shown in Figure 2.4.

While the newly calibrated light curve no longer shows signs of atmo-
spheric disturbances, the airmass effects are still visible. This is common when
performing differential photometry on white dwarfs and other blue stars. Due
to their large mass, blue stars move off the main sequence at a much faster
rate compared to smaller dwarfs. Statistically, there is therefore a much larger
fraction of redder stars in the Galaxy, and therefore a higher chance for the
comparison stars used in a certain field to be much redder than the observed
white dwarf. Atmospheric particles will absorb and scatter different wave-
lengths in different ways. Therefore, stars of different colour may be affected
differently to changes in airmass, and the differential photometry calibration
may fail to work completely, leaving a false variability similar in trend to that
of the change in airmass in the field.

To account for this, a further correction is applied. A star’s airmass
changes parabolically during an observation, as shown in Figure 2.5(a). There-

fore, the target’s light curve can be fitted and divided by a second-degree
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Figure 2.4: The same light curve of white dwarf EC11246-2923 as shown in
Figure 2.3, after performing differential photometry using three comparison
stars.
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polynomial function that follows the same trend as the object’s airmass, as
shown in Figure 2.5(b). Once this last correction is applied, the calibration is

complete, and the target will be devoid of any false periodicity.

2.3 Light Curve Fitting

Chapter 5 and 6 will be dedicated to the discovery of three new eclipsing
systems involving white dwarfs. Photometric data of these systems can provide
important information on some of the physical properties of the components
as well as of the system itself. The shape, duration and depth of a transit
provide insight on the sizes of both the star and the companion, as well as
on the inclination of the orbit. Moreover, observations over multiple eclipses

provides accurate estimates on the orbital period of the system.

2.3.1 JKTEBOP

In order to measure the parameters of an eclipsing system from its light curve,
a light curve fitting software is required. For the analysis of this work, I
used JKTEBOP (Popper and Etzel, 1981; Etzel, 1981; Nelson and Davis, 1972;
Southworth et al., 2004).

JKTEBOP reads the initial parameters given by the user, and then al-
lows them to vary to find the best fit to the entered light curve, through the
Levenberg-Marquardt optimisation algorithm. In this work, the mass ratio of
the system was fixed after being calculated from the radial velocity data, as
explained in section 2.5.2. I then allowed the radii of the components, the sur-
face brightness ratio, inclination and orbital period to vary, in order to obtain

the best fit to the data.
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Figure 2.5: In panel [b] I fitted a second-degree polynomial function (red line)
in agreement with the airmass shape (shown in panel [a]). I subsequently
divided my data set by the polynomial in order to eliminate airmass effects.
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In order to calculate the errors, JKTEBOP runs a Monte-Carlo algorithm
once the parameters of the system are finalised. An example of light curve fit

performed by JKTEBOP on collected data is shown in Figure 2.6.
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Figure 2.6: An example of SHOC data analysed using JKTEBOP (Popper and
Etzel, 1981; Etzel, 1981; Nelson and Davis, 1972; Southworth et al., 2004),
which provided some of the physical parameters of the system, such as frac-
tional radii and inclination. The top panel shows the model fit to the data
(green line), while the bottom panel shows the residuals (model - data).

2.4 Spectroscopic Data Reduction and Extrac-
tion

The measurement of the incident flux of a star as a function of wavelength is

referred to as spectroscopy. In this thesis, spectroscopic data from different
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facilities was analysed in order to assess properties such as the spectral type
of a target and changes in radial velocities. Data from a range of instruments
were employed in the upcoming science chapters of this thesis. However, I
was only directly involved in the reduction of the data I collected using the
Spectrograph Upgrade: Newly Improved Cassegrain (SpUpNIC, Crause et al.,
2016), mounted on the 1.9 m telescope at SAAO.

The reduction and calibration of these data were performed using pro-
cessing techniques outlined by Massey et al. (1992) and Massey (1997). This

involved using various IRAF packages, described in the sections below.

2.4.1 Bias Correction

Upon collecting an exposure on a CCD, each pixel will carry a small intrinsic
value due to their individual structure. This value slightly varies from pixel
to pixel, and will introduce a small amount of noise to the final science image.
Obtaining bias frames, or zero time exposures, will provide information on
the value of this intrinsic pixel noise. Another source of small varying noise
can be also introduced by an additional column bias across the chip. This
is due to the overscan region of the image, an artificial region of pixels that
is created in the read-out process of the CCD. The overscan region can be
visually identified upon inspecting a flat frame, as shown in Figure 2.7. This
can then be trimmed out of the zero exposure frames.

Using the ’zerocombine’ package on the PyRAF software, a combined
average bias frame was created . The package performs a 3o cut on every pixel,
to account for and remove any bad pixels hit by cosmic rays, that would affect

the final combined master bias frame. Once the overscan region is manually
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Figure 2.7: A section of one of the SpUpNIC flat frames. The overscan regions
(black) can be seen on both sides of the image. These are created as part of
the CCD read-out process, and do not represent actual CCD pixels.
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Figure 2.8: A section of the SpUpNIC master bias frame used in the reduction
of WD1201-049. This is the result of an average of one hundred bias frames
collected during the observing run.
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removed, this master frame can be subtracted from all other images (including

flat frames and calibration arcs).

2.4.2 Flat Correction

Once the bias master frame has been subtracted from the images, the next
intrinsic source of noise to correct for is flat noise. This is caused by the slightly
non-uniform sensitivity between pixels across the CCD. These slight variations
are due to physical characteristics of the system, such as small differences in
the quantum efficiency of each pixel. Other sources of flat field noise can be
caused by the camera optics, leading to effects such as vignetting — uneven
illumination across the chip — as well as localised ring-shaped features caused
by dust granules present on the filter or the CCD itself.

To create a flat field image, the SAAO 1.9 m telescope uses an illumi-
nated white panel on the inside of the dome. Once the telescope is set up
in the same way as for the science frames (i.e. same grating, angle, etc.), it
is positioned to expose the CCD and obtain images of the illuminated field.
Once several tens of flat images are collected — thirty frames, in the case of
the SpUpNIC data presented in this work — these are then combined using
the ‘flatcombine’ package in PyRAF, which performs a 3¢ clipping function
to remove any existing bad pixels. The resulting frame is run through the
‘response’ script, which helps eliminate large scale effects that are due to wave-
length dependent features present in the instrumentation itself. Finally, the
newly created master flat image (Figure 2.9) is subtracted from the science

images, thus ending the reduction process.
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Figure 2.9: Section of the master flat frame used in the reduction of SpUpNIC
data. This was the result of averaging thirty individual frames, as well as
eliminating the wavelength dependent effects caused by the lamp illumination
and the instrument itself.
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2.4.3 Spectrum Extraction

Upon completing data reduction, the science images can be then used to ex-
tract the spectra. Figure 2.10. shows an example of one of the reduced spectra,
as imaged on the CCD. Each of these images is three-dimensional: the spec-
trum lies along the dispersion axis; the axis perpendicular to this is known
as the spatial axis; the remaining dimension stores the flux information. The
extraction process will ultimately convert these images into two-dimensional
plots, presenting changes in the flux of consecutive pixels (corresponding to
consecutive wavelengths).

To extract the two-dimensional spectrum from an image, the PyRAF
package ‘apall’ is employed. Usually, spectra will have a width of a few pixels
along the spatial direction. In order to maximise the signal-to-noise ratio of
the data, the flux needs to be combined into a single pixel spatial length. The
script allows the user to define an aperture across the spatial axis to encom-
pass most of the flux but as little background signal as possible. Additional
background apertures on either side of the spectrum signal are then selected,
ensuring no contamination from stellar flux is present within them. The script
then traces these apertures along the dispersion axis automatically adjusting
their positions, thus minimising the root mean square error. The user is then
prompted with a graphical rendition of the aperture trace and is given the pos-
sibility to remove any discrepant points — usually due to cosmic rays affecting
the spectrum at a particular pixel. Once these points are removed, the script

will then extract an uncalibrated two-dimensional spectrum (Figure 2.11)
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Figure 2.10: A section of a SpUpNIC spectrum, which has been bias- and flat-
calibrated, as seen on the CCD before extraction. In this image, wavelength
and flux calibrations have not yet been applied. The wavelength dispersion
axis runs vertically along the spectrum (top to bottom), while the spatial axis
lays horizontally (left to right).
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Figure 2.11: Example of a newly extracted spectrum, before wavelength cali-
bration.
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2.4.4 Wavelength Calibration

In order to assign a wavelength to each pixel along the dispersion axis —
and hence wavelength calibrate the extracted spectra —, ‘arc’ exposures are
employed. An arc is an exposure of a known lamp (a copper and argon one in
this case), which will show emission lines at known wavelengths. This shows
where the spectrograph causes the specific wavelengths to fall in the CCD.
During the observing run in which the presented data were collected, an arc
was acquired shortly before and /or after each science exposure, to account for
any movement of the instrument between science exposures, which could have

altered the position of the known wavelengths.
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Figure 2.12: Example of an extracted arc spectrum from the SpUpNIC obser-
vation of a CuAr calibration lamp.
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Any arc used to calibrate a specific science image is extracted using
the same trace used on the latter (see Section 2.4.3). The result is a two-
dimensional plot of the arc emission lines, as shown in Figure 2.12. To carry
out the calibration, the PyRAF command ‘identify’ is used: first, a few bright
lines are identified by the user from published lists; once these are entered,
the script measures the distance between these lines and matches them to a
database of known lines. The remaining ~30-50 lines in the arc spectrum
are then automatically recognised and matched to their corresponding wave-
lengths. Subsequently, each pixel will be assigned a wavelength based on the
position of the known ones. This fit is then applied to the science images,

converting pixels to wavelengths (Figure 2.13).

2.4.5 Flux Calibration

The final step in the extraction of a spectrum concerns the calibration of the
spectral flux. The uncalibrated flux may be affected by the sensitivity of the
individual pixels along the CCD as well as by the profile of the instrumentation
upon using a certain grating. In order to account for and remove these effects,
the observation of a few stars of known and well-modelled flux profile (also
known as ‘standard’ stars) is required at intervals of a couple of hours. The
spectra of these standards are extracted and wave calibrated in the same way
as discussed above. They are then compared and divided by their respective
modelled spectra using the PyRAF ‘sensfunc’ script. The resulting residuals
provide the instrumentation profile for the required wavelength range. Lastly,
the wave calibrated science spectra can be divided by this profile, producing

the final, flux calibrated spectra ready for further analysis. (Figure 2.14).
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Figure 2.13: Example of a wavelength calibrated spectrum obtained using
SpUpNIC.
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Figure 2.14: Example of a flux calibrated spectrum obtained using SpUpNIC
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2.5 Spectroscopic Data Analysis

Reduced and calibrated spectra were analysed using MOLLY, a software de-
veloped by Tom Marsh?. Details on how the software analyses spectroscopic

data are discussed below.

2.5.1 Normalisation and Processing

Data and their corresponding header information — including right ascension,
declination, equinox and the date and time of observation — are read into
the MOLLY software. If required, a heliocentric correction to the data may be
applied to account for the telescope’s geographic location. Once the spectra
are entered, they can then be normalised to same scale, ensuring a continuum
level of ~1. This is achieved by creating an average spectrum — usually with
the spectra acquired during one night’s observation —, and fitting a polyno-
mial to that average (Figure 2.15). Due to the normalisation acting only on
the continuum, any prominent features in the spectra (such as absorption or
emission lines) are masked to be excluded from the fit (red regions in Figure
2.15). The individual spectra are consequently divided by the polynomial,
resulting in normalised spectra (Figure 2.16).

In order to account for Earth’s velocity - which creates a shift in the
wavelengths of the spectrum -, the normalised spectra are consequently re-
binned in the heliocentric scale and in velocity space. They are then ordered
according to their orbital phase. The latter is calculated according to the

following equation:

Zhttps://warwick.ac.uk/fac/sci/physics/research/astro/people/marsh/  University —of
Warwick, UK
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(2.3)

In the equation, Ty is the zero-point of the ephemeris (expressed in
Heliocentric Julian Days, or HJDs); ¢ is the HJD of observation; and finally P

is the orbital period (measured in fractions of a day).
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Figure 2.15: Example of a reduced spectrum from SpUpNIC data, before
normalisation. The red regions represent the sections masked out during the
fitting. The green line represents the polynomial function used to normalise
the spectra.

2.5.2 Radial Velocity Measurement

The radial velocity of a celestial object is known as the velocity component

along the line of sight of the observer. As a star moves closer or farther to
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Figure 2.16: The same spectrum shown in Figure 2.15, after normalisation was
applied. As expected, the continuum level is at ~1 mJy.
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the observer on this line of sight, the wavelengths at which the object’s light
is emitted will be shortened (or blue-shifted) or lengthened (or red-shifted)
respectively. The positions at which these wavelengths are found at different
points in the orbital phase of the observed star are hence altered by an effect
known as Doppler Shift (Figure 2.17). Consequently, by measuring this shift,
the radial velocity of a system can be calculated according to the following

equation:

2= —=— (2.4)

In the equation, A\ is the shift in wavelength, )\ is the rest wavelength,
v is the relative velocity, ¢ is the speed of light and z is the measured red-shift.

Measuring the radial velocity of a system — e.g. two stars in a binary
orbit or a planet revolving around a star — can provide information on the
masses of the objects involved. From the ratio of the amplitudes of the stars’
radial velocities — which effectively represent the stars’ orbits about their com-
mon centre of mass — one can determine the relative masses of the individual
bodies in the system. In case only one of the objects is visible in the spectrum,
one can use the following mass relation in order to determine the mass of the

unseen companion (Wright, 2018):
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In the equation, P is the orbital period, K is the semi-amplitude of
the radial velocity variation, GG is Newton’s gravitational constant, e is the
eccentricity of the system, ¢ is the inclination of the orbit compared to the
observer (where ¢ = 90 represents an edge on orbit), and Mgeen and Mypseen
are the masses of the seen and unseen companions respectively. This relation
can be also applied to exoplanetary systems. In this case, it is safe to assume
that the mass of the planet (Mplanet = Munseen) is much smaller than that of
its host star (Mgseen = M.) and hence Mpanet << M,. Therefore, the above
equation reduces to the more familiar expression for the Doppler shift (Wright,

2018):

K=

( 2rG ) % Mplanet sin ¢

2.6
PM? V1 —e? ( )

In order to measure radial velocity, I used the MGFIT command on
MOLLY. MGFIT reads the file containing all the parameters to be fit to a
function that models both the continuum and a particular spectral line. The
continuum is modelled with a first-degree polynomial, which pivots at the
rest wavelength of the line and has two coefficients indicating its gradient and
constant respectively. To model the spectral line, a combination of Gaussian
functions is set up. Each function is centred at the rest wavelength of the line

1

(in A), with a velocity offset k in kms™', a systemic velocity v in kms™?, a full

width at half maximum (FWHM) in A, and a peak height A in mJy. Each

of these variables is given a starting value; MGFIT then uses a Levenberg-
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Marquardt minimisation method to fit the Gaussians to the spectral line. The
fit can be applied to each spectrum individually (resetting the parameters to

their initial value for each spectrum), or to all spectra at the same time.
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Figure 2.17: An example of a Hy emission line (grey) being shifted both in
the red and the blue direction compared to its rest wavelength (green vertical
line). The red line represents the models fit to the line to measure its radial
velocity.

In the event in which the observed spectra show features from both
objects in the system, MGFIT allows to fit more than one component of the
line simultaneously, such as absorption and emission, as shown in Figure 2.18.
However, Gaussian functions used to fit a particular feature need to have the
same v and k parameters, as they are all moving together in the same way.

In order to better visualise the radial velocity shift in the spectral lines
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Figure 2.18: An example of fitting performed by MGFIT. Here, the Hy Balmer
line presents both emission and absorption, and the features are fitted simul-
taneously. The emission and absorption lines were fitted with one and two
Gaussians respectively.
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Figure 2.19: An example of trailed spectrum for Hy. FEach horizontal line
represents one spectrum. In the spectrum, the emission line in clearly visible
in shades of green/blue. The x-axis shows the radial velocity of the line,
centred at the rest wavelength of 4340.462 A for Hy.

58



of a star, one can phase fold the spectra in a data set, and hence plot them
in a stack. This is known as a trailed spectrum, as it ‘trails’ the shift of a
particular line. Trailed spectra are usually plotted in velocity space in order
to render the Doppler shift as clearly as possible (Figure 2.19).

To find the final parameters for the Gaussian line fits, the initial pa-
rameters can be given an arbitrary initial value and then be allowed tp vary
freely. Upon inspecting the generated model, one can then determine which
variables need to be changed or fixed in order for the model to best fit the
data. To establish the accuracy of the fit, a x*/DoF value (also known as
reduced chi-squared, or x2) is assigned to it by MOLLY. An ideal fit reaches a

value of 2 = 1.

2.6 Summary

The methods described above were employed to reduce and analyse the data
presented in the following science chapters. This includes all data collected
at the South African Astronomical Observatory (SAAO) facilities, presented
in Chapters 3, 4 and 6. Furthermore, MOLLY was used to analyse data from
Gemini North and Kitt Peak facilities, presented in Chapters 5 and 6 respec-

tively.
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Chapter 3

A Ground-Based Photometric

Survey of Metal Rich White

Dwarfs

In Chapter 1, I explored the evolution of planetary systems once their host
stars eventually leave the main sequence. Any planets surviving the RGB
and AGB phase of stellar evolution will be exposed to gravitational interac-
tions with stellar remnants and other planetary debris. These interactions will
cause some planetary remnants to migrate into short-period orbits (Veras and
Génsicke, 2015). These short orbital periods (between 2 and 30 hours) coin-
cide with the long-lived habitable zone of white dwarfs (Agol, 2011). Planets
in such short period however are likely to be tidally locked to their host star
or even tidally disrupted. Detections of such bodies are therefore rare, due to
their short survival time, and the best strategy to discover them is to survey
a large number of white dwarfs.

In this Chapter, I present an independent ground-based photometric
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survey of metal-rich white dwarfs, in search for eclipses in their light curves.

3.1 The Discovery of WD1145+017

The first evidence for a planetary body orbiting a white dwarf was discovered
in 2015. Vanderburg et al. (2015) observed eclipse-like features in the light
curve of white dwarf WD11454-017, in the first field observed by the Kepler
K2 mission. The light curve showed evidence of transits with varying depths,
therefore excluding the hypothesis of a single non-stellar companion. Follow
up observations from the ground also showed transit depths down to 40%,
with durations of about 5 minutes. Subsequent Fourier analysis of these light
curves revealed the presence of multiple periods between 4.5 and 4.9 hours
(Vanderburg et al., 2015). Furthermore, spectroscopic follow up data identified
an infra-red excess explained by the presence of a circumstellar debris disk, as
well as evidence for metal contamination in the white dwarf atmosphere by at
least eight heavy metals. It was therefore concluded that the observed transit
events were the result of a planetesimal undergoing a disruption process and
breaking off into smaller debris elements and dust clouds.

Further observations conducted by Génsicke et al. (2016) and Rappa-
port et al. (2016) showed that the rate at which the depths and durations of
the transits varies is relatively quick (within a couple of orbits). Rappaport
et al. (2016) undertook observations with of multiple telescopes over a period
of months in order to find a prominent orbital period for the disrupting body,
which resulted to be 4.5004 hours. An additional 15 periods were found as a
result of this analysis, however five of the original periods found by Vander-

burg et al. (2015) were not identified and confirmed. It was deduced that the
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dominant period can be associated with the main, parent body, and all other
features observed in the light curves are the result of disrupting debris that
is drifting away from the planetesimal. The rate at which these debris drift
allowed a first estimate of the mass of the main body, which is approximately
a tenth of the mass of Ceres, the largest asteroid in the Solar System Main

Belt (10?° kg, Rappaport et al., 2016).

3.1.1 Motivation for a Metal-rich WD Survey

The discovery of WD1145+017, a metal polluted white dwarf with a debris
disk, opened up a new opportunity to study evolved planetary systems. It
provided evidence for the existence and possible survival of planets after the
Planetary Nebula stage of stellar evolution. Finding similar systems is of
crucial importance, in order to better constrain their frequency and physical
properties.

To achieve this, I surveyed 49 white dwarfs (see table 3.1) with similar
properties (e.g. temperature, class, etc.) to WD11454017. All observations
were undertaken from the ground, by means of the Sutherland High Speed Op-
tical Camera (SHOC), mounted on the 1.0 m telescope at the South African
Astronomical Observatory (SAAO) in Sutherland, South Africa. Each object
was observed between 1 and 7 hours, in order to sample a variety of orbital dis-
tances (and periods) similar to WD11454-017, with the aim of finding similar

transit events.
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3.2 Instrumentation

3.2.1 The SAAO 1.0 m Telescope

The 1.0 m telescope is found at a latitude of S32°22.78” and a longitude of
E20°48.60°, at an altitude of 1810 m. It has a polar mount with an approximate
focal ratio of £/16 (Coppejans et al., 2013). For the purposes of this project,
the two filter wheels available were set up with the Bessel UBVRI and the
Sloan u’g’r’i’z’ filters respectively. Each wheel also contains an empty slot to
allow observations to be performed in white light. On this telescope, SHOC
is mounted via a mounting plate at the Cassegrain focus, directly under the

filter wheel box (Figure 3.1). Thanks to its lightweight design, the camera has

minimal impact on the balance of the telescope.
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Figure 3.1: A schematic (not to scale) of SHOC setup and mount on one of
the SAAO telescopes (Coppejans et al., 2013).
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3.2.2 The Sutherland High Speed Optical Cameras

The Sutherland High Speed Optical Cameras (SHOC) are two nearly identical
cameras developed to be used on the 0.75 m, the 1.0 m and the 1.9 m telescope
facilities at the South African Astronomical Observatory (SAAQO), effectively
replacing the UCT CCD camera (O’Donoghue, 1995) in 2013. The short read-
out time and high photometric precision (down to a few millimags) of SHOC
makes it the ideal instrument to perform a short-cadence photometric survey
on dim objects such as white dwarf stars.

Both SHOC instruments are optical imagers capable of acquiring high-
quality photometric data at a fast rate (Coppejans et al., 2013). They are
based on two previously existing instruments: the Portable Occultation, Eclipse
and Transit Systems (POETS; Souza et al., 2006) and the Massachusetts In-
stitute of Technology Optical Rapid Imaging System (MORIS; Gulbis et al.,
2011). The main difference compared to the aforementioned instruments is
the application of a larger format CCD (Andor iXon X3 888 UVB cam-
era). The apparatus also consists of a Spectrum Instruments Inc. Intelligent
Reference/ TM-4™ GPS and control computer cables for network and power
connections (Figure 3.1).

Each camera (SHOC 1 and 2, also renamed shocnawe and shocndisbe-
lief) uses a 1024 x 1024 pixel back-illuminated, thermoelectrically-cooled CCD,
with peak quantum efficiency (QE) greater than 95% at A ~550 nm. This effi-
ciency drops to ~60% at wavelengths of 400 nm and 850 nm. The thermoelec-
tric coolers allow the camera to efficiently reach (and maintain) a temperature
of -60°C. Tests have shown that no dark current is detected in 20-minute-long

exposures when the instrument is kept at temperatures bewtween -40°C and
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-70°C. The CCD can be binned with values specified by the user. In the survey
that I undertook, I used a binning value of 4x4. As binning occurs after the
CCD is read out, this does decrease the readout time, without however affect-
ing the dead time. Nevertheless, the total time between sequential exposures
is of the order of ~10 ms (Coppejans et al., 2013). For this project, I chose
to use the Andor iXon camera conventional (CON) output amplifier with a
horizontal pixel shift speed of 1 MHz as readout method. This allowed me to

achieve a notably low read noise of ~6 e~ pixel ™.

3.2.3 GPS and Control Computers

In order to provide the most accurate timing possible, which is important
to obtain photometry of rapidly changing objects, the Spectrum Instruments
Inc. Intelligent Reference/TM-4™ global positioning system (GPS) was cho-
sen to be mounted as part of the SHOC setup. Indeed, it has manufacturer
specifications of +25 ns from the Universal Time Coordinated (UTC), with
a root-mean-squared stability of 12.5 ns. The GPS antenna is permanently
mounted on the top of the telescope tube, and due to the fixed location of
the instrument, only one satellite is required to achieve an accurate time. The
timing delay between the GPS input trigger and the iXon camera is accounted
for by using a coaxial cable of known length.

Thanks to the addition of this instrument, SHOC has two types of image

timing:

1. “internal trigger”. This uses the Andor camera’s built-in software and
time-stamps a series of exposures from the control computer, with an

accuracy of ~1 s.
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2. “external start trigger”. This allows a separate GPS pulse to trigger the

readout of each exposure, thus reaching an accuracy of ~10 us

In the work presented in this Thesis, I used the “external start trigger”

option.

3.3 The Ground-Based DAZ Survey

Previous, large-scale photometric surveys of white dwarfs such as Super WASP
(Faedi et al., 2011), Pan-STARRS (Fulton et al., 2014) and DECam (Belardi
et al., 2016; Dame et al., 2019) were aimed at discovering planetary systems
around any type of white dwarf star. However, the discovery of the disrupting
planetesimals around WD1145+4017 provided new information on what type
of white dwarf star may be more likely to host planets. Therefore, I selected
49 metal polluted white dwarfs similar to WD11454-017. 25 of these show
evidence for a debris disc, and the remaining 24 appear to have no disc.
Even though WD11454-017 does host a debris disc, the choice of in-
cluding white dwarfs that do not show evidence of a disc in my survey was
motivated by the fact that different plane inclinations are required to detect a
disc versus a planet. Evidence for debris discs around white dwarfs is usually
provided by an excess of radiation at the infra-red end of the star’s spectral
energy distribution. The excess is due to the dust grains in the disc being irra-
diated by the white dwarf and re-emitting light at longer wavelengths. Discs
are most likely to be detected if they have a face-on orientation with respect to
the observer, i.e. at an inclination of 0°. This allows the maximum amount of
re-emitted infra-red light to be detected. On the other hand, the best chance

to detect a transiting planet around a star requires the orientation of the sys-
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tem to be edge-on (or at 90°) with respect to the observer. This allows the
planet to block out the maximum amount of stellar flux. Any inclinations in
between these two extremes may reveal both the presence of a disc or a planet,
as in the case of WD1145+-017 (Figure 3.2).

The survey was undertaken between June 2016 and May 2018. Due to
observational constraints, objects were observed for different lengths of times
(depending on weather conditions on site, as well as scheduling) and with
different exposure times, depending on their brightness. Exposure times range
between 5 seconds and 120 seconds. Observing windows range between 1 and

7 hours (see table 3.1).

. Planet

Star

@ Disc

---- Planet’s Orbit

a) <)

Disc

inclination =90° inclination =0°

Figure 3.2: A schematic (not to scale) diagram of the different plane inclina-
tions in which a planetary system around a white dwarf may be found. Panel
a) represents the best inclination (i = 90°) required to detect a transiting
planet; at this angle, none of the infra-red excess light emitted by the disc
would be detected. Panel b) shows the best inclination (i = 90°) required to
maximise the detected infra-red flux from the disc; a system in such inclina-
tion would present no sign of planetary eclipses. Panel c¢) shows an example
of inclination at which both the planet and the disc could be detected: the
planet is still eclipsing the star, and some of the infra-red excess from the disc
is measurable.
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3.3.1 Survey Results

As mentioned in Section 3.3, in this project I surveyed 49 metal-polluted white
dwarfs, in search for transit-like events. Details about each of the surveyed
objects (such as astrometric properties, physical properties, date and length of
observation, and filter) are shown in Table 3.1. In the sample, 17 objects were
observed more than once, to increase the total time of observation. Of these, 5
have a total observation time of more than 5 hours. Moreover, 12 objects were
observed for at least 5 continuous hours (i.e. longer than the orbital period of
WD11454-017). The rest of the white dwarfs in the sample had observation
windows between 4 and ~1 hour, due to scheduling constraints.

After performing aperture and differential photometry on all the tar-
gets, I analysed each individual light curve in search for periodic variability. To
perform this task, I employed PERIOD04 (Lenz and Breger, 2005), a software
developed to produce Discrete Fourier Transforms (DFTs) of time-dependent
sets of data, in search of significant peaks. Out of the sample, two objects
showed significant peaks: WD1201-049 (further discussed in Chapter 4) and
SDSS J161717.044-162022.4 (discussed in Section 3.3.4), first observed on 26
March 2017 and 10 July 2017 respectively. In both cases, upon visual inspec-
tion the light curve showed evidence of a sinusoidal variability.

The number of data points in each light curve varied between ~few
hundreds to ~few thousands, depending on the length of observation and
exposure time. For white dwarfs, planetary eclipses are expected to last 2-5
minutes, amounting to a small number of consecutive data points. In order to
find eclipse-like events in the light curves, I therefore searched for consecutive

data points that deviated more than 40 from the mean flux.
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Target Magnitude Minimum Transit

Name (mag) Depth (%)
WD1611-084 V =11.26 1.024
REJ2334-47 V =13.46 1.163

EC11246-2923 V =15.02 1.457
HE1349-2305 V =16.30 5.360
NLTT6390 V =17.08 9.072
SDSS2247-0002 g =18.79 30.802

Table 3.2: Minimum detectable transit depth for white dwarfs of different
brightnesses in my sample.

No eclipse-like features were detected within a 4c significance limit.
However, the detectability of a transit is strictly dependent on the brightness
of the white dwarf. Brighter stars will show less scatter in their light curves,
allowing the detection of shallower eclipses. Table 3.2 shows the minimum
percentage depth required to detect eclipses at the 4o limit for a range of
magnitudes present in my sample of white dwarfs. While the minimum depth
increases for dimmer objects, all the values are consistent with the depth of
the transits observed around WD1145+017. Hence, if disrupting asteroids or
other planetary remnants were to eclipse the white dwarfs in my sample, they

would be detected.

3.3.2 Detection Rate

The planetesimal around WD1145+4-017 has an orbital period of ~4.5 hours
(Vanderburg et al., 2015). It is therefore reasonable to assume that planets or
planetesimals could exist around a white dwarf star at similar periods. Based
on the different observing windows employed during the survey, I calculated the
frequency of detection of transiting objects around a white dwarf, assuming

every observed star had at least one orbiting planetesimal at an inclination
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suitable for detection. This was achieved by simulating sets of light curves
with lengths spanning between 1 and 5 hours — in increments of 1 hour —,
each with integration times of 60 seconds. The simulated light curves were
injected with 3-data-point-long eclipses, at periods ranging from 0.5 to 30
hours, with increments of 30 minutes. Subsequently, I matched the simulated
light curves with each observing window and shifted the eclipses to start at
different times of the night in order to probe every possible combination. The
total probability of detecting at least one transit over each observing window

was then calculated using the following equation:

PDetection == nntot X 100% (3].)
Period

In this equation, n, is the total number of data points associated to a tran-
sit detected over the entire observing window, summed over all the possible
combinations, while np.;oq is the number of data points in one period.
Figure 3.3 shows the probability of detection over all the investigated
orbital periods, for each observing window between 1 and 7 hours. The overall
trend shows a decrease in probability as the orbital period increases. Table 3.3
shows the cumulative probability of detecting a transiting planet in the sample
for each of the sampled observing windows. This is done under the assumption
that each of the white dwarfs observed has a detectable planetesimal orbiting
it. The table also shows the cumulative detection rate considering that the
actual probability of eclipse for an Earth-like planet orbiting in the habitable
zone of a white dwarf is 1% (Agol, 2011). As an example, the cumulative prob-

ability of detection for a 6-hour-long observation is 51.53%. This corresponds
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Observing Cumulative Chance Predicted Number

Window of Detection of Detected
Length from Simulations Planets
(hours) (%) (per 1000 white dwarfs)
1 13.93 1
2 23.98 2
3 32.3 3
4 39.49 3-4
5 45.85 4
6 51.53 5
7 56.66 5-6

Table 3.3: Cumulative detection probability for each of the sampled observing
windows. The predicted number of detected planets is also shown, as a result
of applying the actual 1% chance of detecting a planet around a white dwarf
to the simulated data.

to an actual expected detection rate of ~0.5%. Hence, we would expect to find
0.5 planets in a sample of 100 white dwarfs, or 5 planets in a sample of 1000.
However, these numbers only represent an upper limit, as it is not expected

for every white dwarf to host a planet, detectable or otherwise.

3.3.3 Statistical Implications of the Survey

As the detection rate discussed in Section 3.3.2 inferred, the lack of eclipsing
planets detected in the sample is not surprising. The observing strategy and
time set strong limitations on the probability of detecting an eclipsing event
(see table 3.3 and Figure 3.3). With a continuous observation length of maxi-
mum 7 hours and ~3 hours on average, I would only detect transit-like events
with periods similar to WD1145+017 or shorter.

However, this survey helps estimate an upper limit for the occurrence
of systems like WD11454-017. If the latter were to be added to the sample

listed in table 3.1, one would find that there is a probability of at least 1 in
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Figure 3.3: A plot of the probability of detecting a transit around a white
dwarf for observing windows ranging between 1 and 7 hours, as function of
the orbital period. The range of orbital periods was chosen based on the
extent of the Habitable Zone of 0.6 M white dwarf, as well as on the period
of WD1145+017.
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50 (or 2%) for a transiting planet to be hosted by a metal-rich white dwarf.
Although this is only an upper limit, based on a relatively small sample, it
indicates that eclipsing evolved planetary systems around this particular type
of stellar remnants are rare, but should be easily detectable in a larger sample
of stars and with a prolonged observing window and duration.

A further interesting comment on the results of this survey concerns
white dwarf SDSSJ1228+1040. This star was observed as part of this survey
for a cumulative time of ~8 hours (Table 3.1). The collected light curves
do not show any sign of significant photometric variability (i.e. greater than
40). However, Manser et al. (2019) find that this white dwarf is the host of a
planetesimal, embedded in the debris disc, which orbits the star with a period
of 123.4 minutes. Evidence for the presence of this planetary remnant was
provided by a variability in the strength and shape of the Ca II emission line
triplet. These findings reveal that, while no eclipse-like events are present,
some of the stars in my sample may still be the hosts of unseen planetary

systems which can only be detected spectroscopically.

3.3.4 SDSS J161717.04+162022.4

SDSS J161717.044-162022.4 (or SDSS J1617+1620 hereafter) is a DA white
dwarf with a circumstellar debris and gas disc. In particular, the gaseous disc
shows evidence of spectroscopic variability in the Ca II emission lines (Wilson
et al., 2014). While most white dwarfs showing evidence for this gas emission
are also hosts of dust discs detected through IR excess, only a small fraction

of metal-polluted white dwarfs are found to be the hosts of gaseous discs (e.g.

Génsicke et al., 2007; Vennes et al., 2010; Klein et al., 2011; Farihi et al., 2012).
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Both types of discs are found around white dwarfs with temperatures between
~13,000 K and ~22,000 K (Génsicke et al., 2006a, 2007, 2008; Dufour et al.,
2012; Farihi et al., 2012; Melis et al., 2012). The formation of such systems is
therefore not universal, and the reasons for this still remain uncertain.

The radius of the gas disc around SDSS J161741620 is found to be
~0.5-1.5 Rg. Since only a low fraction of white dwarfs show evidence for
gaseous discs, and a high surface temperature is required for Ca II emission,
one can rule out that the gas originates from sublimating dust within the
radiation field of the star.

Wilson et al. (2014) obtained optical time-series spectroscopy of SDSS
J161741620 between 2008 and 2014. In 2008 the data showed strong, double-
peaked Ca II emission, which was then observed to steadily fade over the rest
of the monitoring time. They therefore suggested two possible explanations for
the formation of this transient feature. The first scenario sees the impact of a
small body onto a pre-existing dust disc orbiting the white dwarf (Jura, 2008).
The absence of Balmer emission lines in the spectra of the white dwarf suggests
a body of rocky nature, such an asteroid or a small planetesimal. Upon impact
with the debris disc and after entering the Roche lobe, the incoming asteroid
would start breaking up and vaporising. Subsequently, the gas would spread
into a disc due to viscous angular momentum, and heating by radiation from
the white dwarf would result in the observed Ca II emission. The weakening of
the emission lined observed over time could be explained by the gas eventually
being accreted onto the white dwarf, thus decreasing in density.

A second, similar scenario instead assumes that the dust disc around
SDSS J1617+1620 is young, and the Ca II emission is due to the disc impact-

ing a debris tail left behind by the original disruption of planetary bodies.
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Simulations of the tidal disruption of a rubble pile asteroid over many orbital
cycles showed that the debris forms a highly eccentric and collisionless ring,
unless additional forces come into play (Veras et al., 2014). In order to fan out
the debris train and form a close-in circular circumstellar disc, forces such as
sublimation are required over many orbital cycles, which implies time-scales of
up to thousands of years. During this period of time, there would be multiple
impacts from leftover debris. It would therefore be expected to see another
flare-up of gas emission in the next decade. Although spectroscopic variability
is well sampled, no evidence for photometric variations have ever been pub-
lished. Upon observing this object in July 2017, I detected a ~1% modular

variation in its light curve (Figure 3.4).

1.05F

1.00+ & & #® o 4 1

Relative Flux

0.951

0_90 L L L L L L
0.28 0.30 0.32 0.24 0.36 0.38 0.40 0.42 0.44

Time (JD - 2457945)

Figure 3.4: A light curve of the photometric data collected for SDSS
J1617+1620 on 10 July 2017. A clear, ~1% peak-to-peak variation is notice-
able in the data. The pink data points represent the unbinned data collected.
The blue data points show the data binned to intervals of 10 minutes.

The variability was subsequently confirmed by the Discrete Fourier
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Transform (DFT). Figure 3.5 shows a significant peak at a period of ~9.571
cycles/day (~2.51 hours). In the plot, the red dashed line and the blue dot-
ted lines represent the amplitude value equivalent to three and four times the
median values (3(A) and 4(A)), respectively. The highest peak in the DFT
has an amplitude equal to ~3.73 times the median value and is therefore a

significant detection.

0.8

- - 3<A=>line
0.7} o 4<A> line |4

Amplitude (%)
(=]
4:.

0.0

0 100 200 300 400 500
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Figure 3.5: A plot of SDSS J1617+1620 discrete Fourier Transform. The red

dashed line represents the 3(A) limit, while the blue dotted line represents the
4(A) limit.

Due to the results of this observation, further follow-up observations
were scheduled and carried out in the months of April and May of the following
year (details can be found in Table 3.4). Unfortunately, due to weather and
scheduling restrictions, none of the follow-up observations were long enough

to sample a full period. Moreover, adverse weather conditions affected the
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Date of Length of  Airmass Exposure Filter

Observation Observation Time
(hours) (s)
22/04/18 1.5 1.52-1.88 60 None
16/05/18 1.5 1.58-2.03 60 None
23/05/18 1 1.52 60 None
26/05/18 2 1.53-2.04 60 None
29/05/18 1 1.55 60 None

Table 3.4: A table showing dates and lengths of all photometric follow-up
observations of SDSS J1617+1620.

quality of the data, resulting in a scatter in the data sets much larger than
the ~1% variability I previously detected. No variation was detected in the
follow-up photometric data.

The photometric variability could shed a new light on the source of
the Ca II emission variations, by confirming the hypothesis of an unseen,
disrupting body embedded in the circumstellar disc. To obtain further proof
that could confirm or disprove the presence of an unseen companion, time-
series spectroscopic data is required to search for radial velocity variations.

To achieve this, I submitted a proposal to the Isaac Newton Group
of Telescopes, in order to observe SDSS J1617+1620 with the Intermediate-
dispersion Spectrograph and Imaging System (ISIS) mounted on the William
Herschel Telescope (WHT). I was awarded one night in the 2018A semester
to observe the object using both the red and blue arms of the instrument
simultaneously, allowing both the HS Balmer absorption line and the Ca II
emission lines to be observed. The proposal was accepted on 20 December 2017
and time was awarded, and the observation was queued as part of the service
program with a high priority status. The observations were finally carried out

in August 2019, and I was therefore unable to carry out the analysis before
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the submission of this work.

Both scenarios suggested by Wilson et al. (2014) to explain the source
of the Ca II emission variability involve the presence of a planetary remnant
interacting with the disc. If this were to be the case, the photometric variability
detected in the SAAO observation of SDSS 161741620 could be the result
of these planetary debris embedded in the disc and reflecting some of the
radiation from the white dwarf. Radial velocity variations resulting from the
analysis of time-series spectroscopy (e.g. Manser et al., 2019) will enable us to
confirm whether this white dwarf does have a hidden planetary companion,

and provide us with some constraints on the mass of this object.

3.4 Summary

Following the discovery of the disrupting planetesimal orbiting WD 1145+017,
I undertook a ground-based survey of 52 metal-polluted white dwarfs in search
for similar systems as to the one mentioned above.

Out of the sampled white dwarfs, none showed eclipse-like features in
their light curves. If an object like WD1145+4-017 were to be observed as
part the sample, 2% of surveyed objects would show transits. This represents
an upper limit, indicating that such systems are rare, but should be easily
detectable when surveying a larger (~1000) number of stars.

Moreover, two objects (SDSS 1617+1620 and WD 1201-049) presented
sinusoidal modulations of 1% and 2% respectively. SDSS 161741620 is known
to have a strongly variable Ca II emission line in its spectrum. Upon discovery,
it was suggested that this spectroscopic variability could be due to a disrupting

planetary remnant interacting with the already present debris disc around the
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star. I therefore applied for — and obtained — time to collect time-series
spectra using the ISIS instrument mounted on the William Herschel Telescope
in La Palma. Time was awarded as part of the service queue, and observations
did not take place in time to be submitted as part of this work.

WD1201-049 will be further discussed in Chapter 4.
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Chapter 4

WD1201-049: A Variable White
Dwarf in the DAZ Survey

WD1201-049 was first identified as a hot, hydrogen rich (DAO) white dwarf in
a survey lead by Gianninas et al. (2010). The star has an effective temperature
of 57,260 K, and a surface gravity of logg = 7.61 (with a mass of 0.55 My).
Specifically, the presence of a carbon absorption line (C IV, at wavelength
4658 A) classifies it as a DAOZ white dwarf. The intensity of the C IV line
has been observed to decrease in strength over the span of almost six years,
which could indicate diffusing of metals out of the atmosphere as the star
cools.

A short-cadence observation from my photometric survey on metal-rich
white dwarfs revealed a photometric variability sinusoidal in nature. Although
no eclipse was recorded, the variability could indicate an unseen companion,
which may also be responsible for the presence of metals in the stellar atmo-
sphere.

In order to help determine the cause of variability, the next steps re-
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quired obtaining follow up data, both photometric and spectroscopic. Ob-
serving the star using different photometric filters was needed to determine
whether the variability is caused by an unseen substellar companion orbiting
the star. As described by Maoz et al. (2015), a cool, tidally locked companion
at a short orbital distance from a white dwarf would have one half of its sur-
face constantly irradiated by the white dwarf. The sub-stellar object would
consequently re-emit the acquired thermal energy, and as a result a sinusoidal
variation would be observed as the orbital phase of the object changes. Due
to the thermal radiation being mostly re-emitted at redder wavelengths, the
amplitude of the modulation is expected to increase when observed through
a red filter (e.g. Casewell et al., 2015). Another strategy that can be adopted
to confirm the presence of an unseen companion is looking for radial velocity
variations in the spectral absorption lines of the star. This can be achieved by

obtaining time-series spectroscopy data, later discussed in section 4.3.2.

4.1 Observations

WD1201-049 was first observed for ~5 hours, as part of my photometric metal-
rich white dwarf survey on 26 March 2017. The observation was performed
in white light. The data were subsequently reduced by means of the SAAO
pipeline developed by Marissa Kotze!. Table 4.1 shows the photometric and
astrometric properties of the object. Based on its luminosity, consecutive ex-
posures of 10 seconds each were collected to reach the required signal, without
saturating the nearby stars used as comparison objects.

As a result of the analysis, the photometric data showed sinusoidal

Thttps://shoc.saao.ac.za/Pipeline/
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Property Value info

Ra 12 04 21.65
Dec -05 13 26.5
Distance 724.834+49.9 pc Gaia
Mwp 0.55 Mg Gianninas et al. (2010)
FUV 14.50940.0137 Galex
FUV 14.92340.0109 Galex
G 16.53+0.0016 Gaia
g 16.32640.0059 PAN-STARRS
r 16.820640.0065 PAN-STARRS
i 17.2496+0.0059 PAN-STARRS
z 17.5385+0.0094 PAN-STARRS
Y 17.35440.34 VISTA
J 17.57940.34 VISTA
H 17.78440.344 VISTA
Ks 18.108+0.34 VISTA

Table 4.1: Photometry and literature parameters for WD1201-049.

modulations (see Figure 4.3, later discussed in Section 4.5.1). Hence, follow
up photometric and spectroscopic observations were undertaken to establish
whether the variability was caused by an unseen companion. New photometric
data was collected on 28 April 2019 using SHOC in the I filter, searching for
modulations with a higher amplitude. Furthermore, time-resolved spectra
were collected over the course of 6 nights in April 2019 using the SpUpNIC
(Spectrograph Upgrade: Newly Improved Cassegrain) instrument mounted on
the 1.9 m telescope at SAAQO. Instrument details are discussed in the following

section.

4.2 Instrumentation - SpUpNIC

Both photometric and spectroscopic observations were obtained at SAAQ facil-

ities, using the 1.0 m and 1.9 m telescopes respectively. The SHOC instrument
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mounted on the 1.0 m telescope was employed to obtain light curves, and tech-
nical details about this camera have been previously described in Chapter 3
(section 3.2).

Spectroscopic observations were obtained through the The Spectro-
graph Upgrade: Newly Improved Cassegrain (SpUpNIC, Crause et al., 2016)
long-slit instrument mounted on the Grubb Parsons 1.9 m reflecting tele-
scope. With a focal ratio of 18 at the Cassegrain focus, its focal length is
34.2 m. SpUpNIC was first mounted in 2015 as an upgrade to the previ-
ous low-resolution spectrograph (Cassie). The instrument is placed at the
Cassegrain focus of the telescope, and the upgrade centred on replacing the
collimator and camera optics, the detector systems as well as various electrical

and mechanical mechanisms (Crause et al., 2016).

4.2.1 Instrument Layout

The instrument (Figure 4.1) is attached to the Cassegrain weight plate, which
is located behind the primary mirror. The setup can be divided into two sec-
tions, referred to as upper and lower box respectively. The upper box contains
all the components that deal with acquisition and wavelength calibration pro-
cesses. All of these components were part of Cassie and consequently improved,
however none were replaced.

The lower box contains the spectrograph optics components (such as the
collimator, camera and diffraction grating) and the detector. A new collimator
was installed as part of the upgrade, as well as a new USB camera which helped

streamline the acquisition process (Crause et al., 2016).
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Figure 4.1: A diagram for SpUpNIC. The upper and lower boxes are rep-
resented by the dark green section and the black section respectively. The
optical elements of the instrument are shown in blue, the electronic parts are
red, and the lamps are light green. The yellow area represents the instrument

frame attached to the telescope, which is coloured in orange (Crause et al.,
2016).
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Upper Box

As previously mentioned, all the components present in the upper box were
upgraded. That included revamping the acquisition/guiding camera, which is
carried by XY slides that enable offset guiding while the telescope is exposing.
The upgrade also included a new housing for the arc lamps, which are used
to wavelength calibrate spectra. An upgraded slit mechanism was implanted,
allowing the slit to be adjusted to widths between 0.15 and 4.2 arcseconds (with
0.15 arcsecond increments) depending on the atmospheric seeing conditions

and the required resolution.

Lower Box

The new components of the lower box constitute the real upgrade of SpUp-
NIC. Crause et al. (2016) report the installation of a new carbon fibre cover
that shields the apparatus from dust and light. While the diffraction grat-
ings have not changed, a new housing was implanted to facilitate installation,
and the gratings themselves were magnetically encoded to be automatically
recognised; this way, grating information as well as wavelength identification
can be directly identified by the software. Properties for all the gratings are
listed in Table 4.2. Furthermore, a new Hartmann shutter (composed by a
single shutter driven by two pneumatic cylinders) was added, allowing the
spectrograph to be re-focussed daily and whenever a new diffraction grating
is adopted (Crause et al., 2016). Moreover, to allow a reliable way of ensuring
that the target is properly placed in the centre of the slit, a new camera was
placed in the instrument to permanently view the slit from its rear. By moving

a small mirror in the beam, one can hence check the positioning and focus of
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Grating Lines per Blaze Wavelength Dispersion Resolving

mm Wavelength Range Power
(A) (&) (hpix )
G4 1200 4600 1250 0.625 2500
G5 1200 6800 1100 0.525 6500
G6 600 4600 2800 1.36 1000
G7 300 4600 5550 2.72 700
G8 400 7800 4100 2.21 1200
G9 830 7800 1700 0.835 2500
G10 1200 10000 950 0.470 5400
G11 600 10000 2600 1.25 1200
G12 300 10000 5600 2.75 1000

Table 4.2: Parameters for the available SpUpNIC gratings (Crause et al.,
2016).

the target in the slit, before auto-guiding and exposing start.

Software

All of the new and improved features of the SpUpNIC instrument can be
controlled from a machine in the telescope control room. All the clients are
bundled together and can be operated using a Python graphical user interface
(GUI). The latter provides an interactive schematic of the instrument set up
which can be used to configure the spectrograph for different functions such
as observations, wavelength calibrations and rear-of-slit acquisitions. This en-
ables the user to monitor the state of the apparatus in real time, thus avoiding
time wastage due to taking long science exposures while one of the other mir-
rors were in the beam or while one of the arc lamps was accidentally left
on. Furthermore, a quick-look data reduction GUI provides real time sky-
subtracted and wavelength calibrated spectra, thus enabling the observer to

check each science exposure (Crause et al., 2016).
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4.3 Observing Strategy for WD1201-049

4.3.1 SHOC Observations

WD1201-049 was first observed in white light on 26 March 2017. As it was part
of the metal rich white dwarf photometric survey, the purpose of which was
to find eclipse-like events, it was first observed in white light to maximise the
intensity of the signal. The target has a maximum magnitude (in the G filter)
of ~16.5 mag (see Table 4.1), and thanks to the favourable weather conditions,
an exposure time of 10 seconds was chosen, in order to avoid saturation of the
comparison stars surrounding the object. The star was then observed for ~5
hours, obtaining 1740 images.

Follow up observations were then performed upon discovery of the ob-
ject’s photometric variability. To further investigate the possible source of
variability, these observations were performed in the I filter with SHOC, as
a red unseen companion would produce modulations with higher amplitudes
at redder wavelengths. These data were obtained on 28 April 2019, and the
observation had a duration of ~5 hours. Due to the reduced signal intensity
caused by the presence of a filter, as well as WD1201-049 having an ¢ magni-
tude of ~17.25 mag, the exposure time was increased to 120 seconds. A total

of 150 images were collected.

4.3.2 SpUpNIC Observations

WD1201-049 has an effective temperature of ~57,000 K and thus emits most of
its light in the blue wavelength range. Therefore, a grating centred on shorter

wavelengths was required to capture prominent absorption features such as the
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Date Number of Exposure Seeing Weather

Spectra  Time (s) (arcsec) Conditions
03/04/19 4 1200 2.10  High/medium clouds
05/04/19 7 1200 1.95 High humidity
06/04/19 10 1200 2.54 Medium/low clouds
07/04/19 5 1200 1.95 Some clouds/rain
08/04/19 11 1200 1.05 High clouds
09/04/19 3 1200 2.24 High clouds

Table 4.3: Observing details and weather conditions for WD1201-049 spec-
troscopy with SpUpNIC.
HS and Hvy Balmer lines. Moreover, due to the scope of these observations,
i.e. searching for possible minor changes in the radial velocity of the star to
confirm the presence of an unseen companion, the highest possible resolving
power was required. For these reasons, the best choice of grating was Grating
4. This offers a wavelength range between ~4000—5300 A when the grating
is kept at the standard angle, and a medium resolution of 2500, resulting in
~1.85 A separation.

Furthermore, due to the G magnitude of the target being ~16.5 mag
(thus quite faint), the exposure time was set to 1200 s. Choosing a shorter
exposure time would have not met the required S/N, while a longer exposure
would have resulted into smearing of the variation in radial velocity, if present.

The star was observed over the course of 7 nights between 3-9 April
2019, however the night of April 4 was lost due to adverse weather. Table
4.3 shows details about the observations carried out on each night, such as
number of consecutive exposures taken and weather conditions.

Finally, I used the CuAr lamp in order to take arcs before and after

every science exposure. Each arc frame had an exposure time of 20 seconds.
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4.4 Data Reduction

4.4.1 Reducing and Extracting Photometric Data

The photometric data was reduced using the SAAO data reduction pipeline
developed by Marissa Kotze, and subsequently extracted performing aperture

photometry, as previously described in Chapter 2 (section 2.2).

Figure 4.2: Examples of field of view (FOV) of the observations of WD1201-
049 in white light (a) and I filter (b). In both panels, the target is circled
in green and the comparison stars employed in differential photometry are
marked with numbers from 1 to 3.

Upon extracting the light curves, the best signal to noise ratio was

achieved using a 3 pixel aperture in white light, and a 5 pixel aperture in the

I filter. To perform differential photometry on the target, three comparison
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stars were chosen in the white light images, as shown in Figure 4.2(a). Due to
the follow-up data being acquired two years later by a different observer, it was
not possible to use the same three stars as comparison stars due to a difference
in pointing, and instead the 3 stars shown in Figure 4.2(b) were employed. The
comparison stars were individually inspected to ensure they were not variable
objects, thus causing a false variability detection on the targeted white dwarf

(for further details, see Section 4.5.1).

4.4.2 Reducing and Extracting Spectroscopic Data

Once obtained, I reduced and extracted the SpUpNIC spectra using the meth-
ods described in Chapter 2 (section 2.3). All the spectra were bias and flat
field subtracted. I then extracted and wavelength-calibrated the spectra us-
ing arcs that were collected before and after each science exposure, to ensure
maximum precision. Finally, I carried out the flux calibration by extracting
and wavelength-calibrating the spectra of standard star Hiltner 600 (Hamuy
et al., 1992, 1994). This is an spectro-photometric standard star of spectral
type B1, with brightness V = 10.44 mag. It is found at coordinates RA: 06
45 13.37 and Dec: 02 08 14.7. The star was observed each night, using an

exposure time of 900 seconds.

4.5 Results

4.5.1 Preliminary Results

WD1201-049 was first observed as part of the ground-based survey of metal-

polluted white dwarfs, previously described in Chapter 3. Upon visually in-
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specting the newly extracted white-light light curve, a clear modulation could
be observed (Figure 4.3).

To confirm the veracity of the variation, as well as to better determine
the period, PERIOD04 was used in order to produce a periodogram of the
light curve. The resulting Fourier Transform showed a clear peak at ~6.723
cycles/day (~0.1487 days), with an amplitude of ~0.9424% (~11 times the

mean amplitude value) as shown in Figure 4.4.
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Figure 4.3: Calibrated light curve of WD1201-049, observed in white light.
The pink data points represent the unbinned data collected. The blue data
points show the data binned to intervals of 10 minutes. The light curve shows
a sinusoidal modulation, with peak-to-peak amplitude of ~2%.

A further step in confirming the variability consisted of inspecting the
comparison stars used (both visually and through their periodograms) to en-

sure the same variability was not present in any of them, thus ruling out the
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Figure 4.4: Periodogram of WD1201-049, as seen in white light. The red
dashed line represents the 3(A) limit, while the blue dotted line shows the
4(A) limit.
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chance of a false positive. Figure 4.5 shows a comparison between the target
light curve and those of the three comparison stars. In the plot, the compari-
son stars were corrected and normalised through differential photometry and
airmass correction in the same process as the target. The figure clearly shows
the sinusoidal modulation in the target not being present in any of the other
stars. This was further confirmed by the periodograms extracted from the
comparison stars. The Fourier Transforms of these stars do not show any sign
of variability at ~0.1487 days, as shown in Figure 4.6. All three comparison
stars do however present significant peaks at ~6 hours. These are typical pe-
riodicities related to airmass correction and the observing window. A period
of ~6 hours corresponds to the approximate time a star spends in the sky at
airmass <2. As mentioned before, the effect of airmass on the brightness of a
star is strongly dependent to the star’s colour. Consequently, differential pho-
tometry — and even a second-degree polynomial fitting — may not eliminate
this effect completely, resulting in the alias observed in the three comparison
stars.

A final method of testing the accountability of the variation is to ascer-
tain whether the detected peak in the star’s periodogram is real. To do so, I
used the method proposed by Alcock et al. (2000) and Lawrie et al. (2013b) to
calculate the False Alarm Probability (FAP) of the significant peak. To mea-
sure the significance of the highest peak in the DFT the following equation

was used:

o Amax - <A>

g4

(4.1)
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Figure 4.5: A plot of the calibrated and normalised light curves for WD1201-
049 (black), and Comparison stars 1 (green), 2 (blue) and 3 (red).
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Figure 4.6: Periodograms for comparison star 1, 2 and 3 (top, middle and bot-
tom panels respectively). The red dashed lines represent the 3(A) limit, while
the blue dotted lines show the 4(A) limit. All three stars show a significant
peak at ~6 hours.
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In equation 4.1, A, is the amplitude of the highest peak in the periodogram,
(A) is the average amplitude and o4 is the standard deviation of the amplitude
in the sampled frequency range. This procedure is carried out on the original
light curve, as well as 1000 fake light curves generated by shuffling the target
light curve at random. The periodogram analysis is carried out on each of the
fake light curves, generating a probability distribution.

The FAP on the light curve of WD1201-049 amounted to 0.1% (i.e. the
peak in the periodogram has a 99.9% significance), confirming the detected

variability as real.

4.5.2 Follow-up Results - Spectroscopy

Once the photometric variability in white light was confirmed to be real, the
next step in the analysis concerned searching for variability in the radial veloc-
ity of the white dwarf. If present, it would indicate the presence of an unseen
companion. After extraction, the spectra were analysed using MOLLY. Details
on how the software analyses spectroscopic data are discussed in Chapter 2

(Section 2.3).

Trailed Spectra

MOLLY is capable of creating trails of spectra in velocity space, centred at the
rest wavelength of a particular line. If the photometric variability observed
in WD1201-049 were to be caused by an unseen companion and reflecting
part of the light, we would expect to see evidence of such companion in the
form of Doppler shift in the absorption lines of the star (e.g. Mayor et al.,

1995). WD1201-049 did not show any sign of emission lines in its spectrum.
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I chose to trail and model the HS hydrogen absorption line, which has a rest
wavelength of 4861.327 A. I used MGFIT, as described in Chapter 2, to fit
three Gaussian functions to the absorption line simultaneously (Figure 4.7).
The three functions were given the same values for k£ and ~, but had different
widths (FWHMSs) and heights (k). Each Gaussian was allowed to vary as
v + ksin(2m¢), where ¢ is the orbital phase. The continuum was fitted using

a first-degree polynomial centred at HS.
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Figure 4.7: An example of the MGFIT model (red) applied to the Hf line
(dark grey). In order to reproduce the shape of the line, three Gaussian
functions were fitted simultaneously. The continuum was fitted with a first-
degree polynomial pivoted at the central wavelength.
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The resulting model trail was subsequently subtracted from the trailed
data, in order to test accuracy of the fit based on the value of the residuals
(Figure 4.8). The model fit results showed k& (the velocity offset) and  (the sys-
temic velocity) values of v = 52.22 +10.54 kms™! and k = 4.74413.65 kms ™.

The high errors are due to the quality of the data, which directly de-
pends on the brightness of the star, as well as the resolution of the spectra.
The error on k is significantly larger than the value of k itself (~3 times larger),
making this result imprecise. However, the model accurately fits the data, as
shown by the x?2 value of 0.41659 and the residuals to the fit in the third panel

of Figure 4.8.

4.5.3 Follow-up Results: Photometry

Shortly after observing the white dwarf with SpUpNIC, WD1201-049 was ob-
served again with SHOC, in the I filter. The observation was carried out
in order to confirm the photometric variability, as well as to investigate any
changes in the amplitude of the modulation. The presence of an unseen com-
panion would increase the amplitude of the sinusoidal variation, due to the
re-emitted light from the sub-stellar object being mostly at longer, redder
wavelengths.

After performing aperture and differential photometry on the data, the
resulting, normalised light curve is shown in Figure 4.9. In the light curve,
no sign of sinusoidal modulation is visible, and similarly, the DFT does not
present any significant peaks around the period detected in the white light
data (Figure 4.10).
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Figure 4.9: Calibrated light curve of WD1201-049, observed in the I filter.
The pink data points represent the unbinned data collected. The blue data
points show the data binned to intervals of 10 minutes. The light curve shows
no sign of sinusoidal variation.

104



0.5F .

Amplitude (%)
=

0 a0 100 150 200 250 300 300
Frequency (cycles/day)

Figure 4.10: Periodogram of WD1201-049, as seen in the I filter. The red
dashed line represents the 3(A) limit, while the blue dotted line shows the
4(A) limit.
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4.6 Discussion

The lack of modulation in the follow-up I-filter photometric data suggests an
unseen companion is unlikely. Therefore, it is not surprising that no radial
velocity variations were noted in the stars spectral trail.

Further confirmation of the lack of a red companion can also be seen
from fitting the photometry from Table 4.1 to a model white dwarf spectrum.
To do this, I used a model white dwarf spectrum for a DAO white dwarf with
Teg = 57,200 K and logg = 7.61, generated by my colleague Simon Preval
using TLUSTY and SYNSPEC, softwares by Hubeny and Lanz (1995) which
produce 1-dimensional models of stellar atmospheres and spectra. Figure 4.11
shows WD1201-049 photometric data points in the UV (from Galex), visible
(from PAN-STARRS) and infra-red (from VISTA) sides of the spectrum fit-
ted to the model DAO spectral energy distribution (SED). While the data is
generally in agreement with the model, there seems to be a lack of flux in the
infra-red (especially in the Ks filter). However, if one considers the error on
each data point to be 1o, the Y, J, H and Ks photometry still lies within 3o
of the model. The larger error bars are also to be expected, due to the high
effective temperature of the star.

The nature of the detected photometric variability in white light remains
unsure. The absence of variability in the I filter, of radial velocity variations
in the trailed spectra and of infra-red excess in the spectral energy distribution
rule out the presence of an unseen companion. Gianninas et al. (2010) reports
a significant decrease in the strength of the C IV line (at A = 4658 A) in ob-
servations carried out between May 2004 and January 2010, and hypothesises

that the metal is diffusing out of the atmosphere. Figure 4.12 shows the trail
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Figure 4.11: Model spectrum of a Tog = 57,200 K, logg = 7.61 DAO white
dwarf fitted to the photometric data from Galex (stars), PAN-STARRS (tri-
angles) and VISTA (circles) of WD1201-049.
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of spectra from the SpUpNIC data previously presented in this Chapter, this
time centred at the C IV line. In the spectra, it in unclear whether the line is
present, however this could be due to insufficient signal-to-noise0.

A likely explanation for the observed, inconsistent variability could be
given by sporadic accretion events onto the white dwarf’s atmosphere from
surrounding circumstellar material. The flow of accreting materials could cre-
ate hot spots on the photosphere of the star, resulting in an inhomogeneous
surface brightness (Maoz et al., 2015). The inhomogeneity is due to a frac-
tion of the energy of the UV photons that are absorbed by the metals being
re-emitted in the optical range of the spectrum, in a phenomenon known as
fluorescence. Both Koester et al. (2014) and Maoz et al. (2015) find that 50%
of metal polluted white dwarfs show evidence of this UV opacity. An extreme
example of this is white dwarf GD 394, which shows extreme UV variations
with an amplitude of 25% and a period of 1.15 days (e.g. Dupuis et al., 2000).

In this particular case, the accretion might not be happening in a steady
flow, causing both the observed decrease in strength in the carbon line and the
change in photometric variability seen in the SHOC data two years after the
first observation. The star might be undergoing sporadic accretion events, fol-
lowed by periods of quiescence. However, to confirm this hypothesis, extensive
photometric observations in multiple filters are required.

Another possible explanation for the inconsistent variability arises from
the discovery of a new system, shortly before the submission of this Thesis.
Vanderbosch et al. (2019) report the detection of eclpsing circumstellar mate-
rial around white dwarf ZTF J013906.17+524536.89. The star was observed
for 210 days by the Zwicky Transient Facility (ZTF, Masci et al., 2019; Bellm

et al., 2019). This system is substantially different from WD11454-017, pre-
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Figure 4.12: Trailed SpUpNIC spectra centred at the C IV line (A = 4658 A)
discussed by Gianninas et al. (2010). The trail does not show any evidence of
C IV at this wavelength.
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senting only two transits separated by ~110 days, each lasting ~25 days and
showing depths of 30-45%. The variability in transit shape and depth is con-
sistent with a cloud of disrupted circumstellar debris. With an orbit of 110
days however, the material is too distant from the star to be tidally disrupted.
Vanderbosch et al. (2019) find the best explanation to be a highly eccentric
(e > 0.97) orbit (Veras et al., 2014), in which the circumstellar material passes
within the white dwarf’s tidal disruption radius.

The ground-based survey I presented in this work was designed to detect
systems similar to WD11454-017 (see Chapter 3). However, the discovery of
ZTF J013906.17+524536.89 confirms the presence of planetary remnants at a
wider range of orbital separations and eccentricities. The observed variability
in WD1201-049 could hence be associated to one of these systems, in which
irregular transits occur over longer timescales. This hypothesis can be verified
through continuous photometric observations over the course of several days

or weeks, thus increasing the likelihood of detecting another transit.

4.7 Summary

In this chapter, I presented the discovery of photometric variability in the
light curve of WD1201-049. The white-light light curve shows evidence of
sinusoidal modulations with a period of ~3.6 hours and a peak-to-peak am-
plitude of ~2%. The variability is not present in the three comparison stars
employed in the differential photometry process, and the false alarm probabil-
ity test confirms the periodicity to be of 99.9% significance. I first attributed
the variability to the possible presence of an unseen companion, and there-

fore collected time-resolved spectra using SpUpNIC at the 1.9 m telescope
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at SAAQ, as well as follow-up photometric data in a redder filter (I). The
spectra revealed no variations in the radial velocity of the star. Similarly, no
variability was detected in the [-filter photometry (which was collected two
years after the original white light data). SpUpNIC is able to detect radial
velocity variations down to ~10 kms™" (see Chapter 6). Assuming an orbital
period equal to that of the measured variation, I used equation 2.6 to calcu-
late the minimum detectable mass for an unseen companion, which amounted
to 0.02 Myyp. Any brown dwarf sized body would have therefore produced a
detectable radial velocity variation. Moreover, due to the high temperature of
the white dwarf, even a Jupiter-sized body would have produced a detectable
infrared excess due to irradiation. Therefore, the absence of an infra-red ex-
cess in the star’s SED, the absence of radial velocity variations and the lack
of photometric variability in I helped rule out the hypothesis of a sub-stellar
companion to the white dwarf.

As magnetic dichroism can be also ruled out due to the high tempera-
ture of the host star, the most likely scenario is explained by inhomogeneous,
sporadic accretion of circumstellar left-over metals to the star’s atmosphere.
However, this needs further investigation, requiring higher resolution spec-
troscopy to better sample the variability of the C IV metal line, as well as
longer photometric observations in both white light and UV filters.

A second likely scenario arises from the discovery of disrupting material
around white dwarf ZTF J013906.17+524536.89 (Vanderbosch et al., 2019),
which eclipses the star every ~110 days, with transit lengths of ~25 days.
This system provides evidence for the existence of eclipsing planetary material
at much larger separations than WD1145+017. Extensive photometric obser-

vations of WD1201-049 would therefore help confirming whether the observed
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variability is due to highly eccentric circumstellar debris eclipsing the star over

large timescales.
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Chapter 5

A New Eclipsing White Dwarf
+ Brown Dwarf System in the

Kepler K2 Mission

In the early 1990’s, the first exoplanet was discovered orbiting a pulsar (Wol-
szczan and Frail, 1992). As this was a rather unexpected location, the method
used to detect the planet was very specific to this particular system; pulsars
are known for their well-defined rotation periods, and the presence of a planet
was determined by monitoring the variations in the star’s pulse arrival times.

Since it was determined that planets exist outside of our Solar System,
the scientific community devised a few methods to detect these systems. The
first extra-solar system discovered by searching for radial velocity variations
was that around 51 Pegasi (Mayor et al., 1995). Since then, hundreds of
planets have been detected using this technique. However, when searching
for planets around white dwarf stars, this method is not optimal. Planets

usually produce small (~2-100 ms™!) variations in the velocity of their parent
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stars. In order to detect these changes, large telescopes and high-resolution
spectrographs are needed. Furthermore, due to the low brightness and pressure
broadening of the white dwarf spectral lines, such small variations are not
easily detectable. Where possible however, studying the variations in radial
velocity remains an important step to determine some of the properties of
sub-stellar companions to white dwarfs. If detectable in the spectral trails,
these variations can provide a lower limit on the mass of the companion. In
order to have a precise mass measurement, the inclination of the system needs
to be known. This information, as well as information about the size of the
companion, cannot be extrapolated from radial velocity data alone, and hence
a complimentary method for planet detection must be used.

This second method involves a photometric search for variations in the
light of the parent star. A transiting object will produce periodic dips in the
stellar flux, with a characteristic ‘flat-bottomed’ shape. The first planet to be
detected by this technique was HD209458b (Charbonneau et al., 2000; Henry
et al., 2000), as part of a follow-up observation after radial velocity variations
had been discovered in the system.

Upon inspecting the periodic dips in the stellar brightness, their shape
provides information on the radius of the transiting object as well as on their
inclination. The probability of detecting a planet transiting a star (P.) is
strictly dependent on the radii of both the star (R,) and the planet (Rpianet),
and the semi-major axis of the orbit (a), as shown in the following expression

(Faedi et al., 2011):

. R* + RPlanet
N a

By
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Therefore, in order to maximise the chances of detection, one requires
a large planet to orbit a small star at a short orbital distance. This way, the
transits will be deeper, increasing the chance of observation even at lower levels
of signal-to-noise ratio, and will occur more often, increasing the probability
of being observed and confirmed.

For main sequence stars, dips tend to be rather small — a Jovian planet
would only produce a variation of ~1% when transiting a solar-type star — and
will occur over larger periods of time. Hence, the best observing strategy is to
monitor several thousands of objects for extended periods of time. However,
the small (~ Rg) size of typical white dwarfs and the short separation at which
we expect to find their sub-stellar companions make this this the best method
of detection. Moreover, as my previous ground-based survey (discussed in
Chapter 3) proved, smaller telescopes are still able to detect variations of
~1% in the light curves of these stars, thus facilitating the data collection
process.

One of the largest, ground-based surveys aimed at searching for tran-
siting extrasolar planets was the Wide Angle Survey for Planets (WASP, Pol-
lacco et al., 2006), which was able to detect ~130 planets using a grid of small
camera lenses. WASP’s cadence and precision, as well as its observational
constraints (such as the Earth’s orbital phase and the day/night cycle) only
allowed the discovery of gas giant planets in relatively short orbits (~days).
The newest large-scale survey for transiting is the Next Generation Transit
Survey (NGTS, Wheatley et al., 2018) which has now allowed the discovery of
smaller, Neptune-sized planets in short period orbits to be detected (e.g. West
et al., 2019), due to the survey’s focussed search for systems around small, red

main sequence stars (for details about the NGTS survey, see Chapter 6).
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While a vast number of planets has been discovered orbiting main se-
quence and even evolved stars, other sub-stellar objects - known as brown
dwarfs - seem to be much rarer.

A brown dwarf is defined as a celestial object massive enough to be
able to ignite deuterium burning in its core, but not enough to burn hydrogen
into helium (Boss et al., 2003). Hence masses for these bodies span between
~13 Myyp and ~80 Mj,,. The lack of these objects as companions to main
sequence stars is known as “brown dwarf desert”. For instance, Grether and
Lineweaver (2006) found that ~ 16% of solar-type stars have close companions
(with orbital periods shorter than 5 years) with higher masses than Jupiter,
but less than 1% of these are brown dwarfs. Steele et al. (2011) found that
brown dwarfs in close systems with white dwarfs are an even rarer occurrence,
with only 0.5% of white dwarfs hosting such companions. To date, only nine
of these systems are confirmed to be in non-interacting orbits (Dobbie et al.,
2005; Burleigh et al., 2006; Casewell et al., 2012; Steele et al., 2013; Beuermann
et al., 2013; Littlefair et al., 2014; Parsons et al., 2017; Rappaport et al., 2017,
Casewell et al., 2018). Of these, only two are eclipsing. In this Chapter, I
present my discovery of third known eclipsing detached white dwarf + brown

dwarf system.

5.1 The Kepler Mission

Although ground-based surveys are an efficient way of searching for short-
period planets around relatively bright stars, they are constrained by atmo-
spheric factors such as airmass and weather, and other factors such as night-

time length and the Earth’s orbital cycle around the Sun. In order to survey a
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larger number of stars for longer, continuous periods of time (~years), space-
based surveys are required, such as the Kepler Space Telescope. Although the
Kepler Mission was not focussed on white dwarfs, the large field of view of the
telescope still allowed to observe a significant number of these stellar remnants
and their systems, such as the one later discussed in this chapter.

The original Kepler mission was first launched in March 2009. Its pri-
mary aim was to survey a sample of ~150,000 solar-type stars in the constel-
lations of Cygnus and Lyra, in order to detect Earth-like planets (< 2.5 Rg)

in the habitable zone of their hosts.

5.1.1 Telescope Design

The Kepler Space Telescope (Borucki et al., 2004; Koch et al., 2010) (Figure
5.1) is a reflective Schmidt telescope. Its primary mirror has a diameter of 1.4
m, while the Schmidt corrector plate has a diameter of 0.95 m. It has a focal
length of 1399.2 mm, and a focal ratio of 1.473.

The telescope has a total of 21 E2V CCDs employed to collect data,
and an additional 4 are used for fine guidance. A field flattener was placed
above each of these devices, in order to minimise the field curvature at the
imaging plane, as well as to determine the telescope bandpass. Each CCD
has a grid of 2200x2048 pixels, resulting in a total of ~94.6 million pixels.
Each pixel has a size of 27x27 micrometers, and covers an area of 3.98” in the
sky. Therefore, upon launch, Kepler had a total field of view of ~ 116 square
degrees. In November 2017, however, three of the science CCDs failed.

As the telescope was originally designed to only observe one field, so

the fine pointing was designed to be maintained by 4 reaction wheels (one for
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each axis, and a spare).

Optical Axls
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Figure 5.1: A schematic of the Kepler Space Telescope (from the NASA Kepler
Instrument Handbook).

5.1.2 Original Mission Design

The original mission of the Kepler Space Telescope entailed observing the same
field for a continuous period. The field was chosen to be in the constellations
of Cygnus and Lyra, due to the location being rich in star (more than 100,000
stars) and observable throughout the year without interference from the Sun.

The telescope collected exposures with an integration time of 6.02 sec-
onds, and a readout time of 0.52 seconds. As a standard procedure on all
targets, 270 exposures were combined towards creating a longer cadence data
point of 29.4 minutes. However, a small subset of targets (~510) were observed

with a shorter cadence of 58.86 s, resulting from the combination of 9 single
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exposures. The telescope only allowed 5.4 million pixels to be stored, there-
fore a pixel mask was applied to only record pixels around the selected targets
and subsequently download them to the database on Earth. The photomet-
ric precision was suitable for the detection of planets around white dwarfs,
amounting to <15% for an 18" magnitude star observed in long-cadence.
The original Kepler mission monitored the selected field for nearly four
years. However, in May 2013 the second reaction wheel failed, and fine pointing

could no longer be maintained, effectively putting an end to the mission.

5.1.3 The Kepler K2 Mission

The failure of the reaction wheel on one of the axes signified the end of the
original purpose of the Kepler telescope. However, tests showed that the in-
strument could be repurposed and continue to take observations in a different
modus operandi (Howell et al., 2014). By pointing the telescope along the
ecliptic plane, solar pressure could be balanced across one axis and managed
by the instrument’s thrusters in case of any deviation. The other two axes
could be maintained by the remaining two reaction wheels. This new observ-
ing strategy however was constrained by the Sun eventually entering the field
of view of the telescope. Thus, instead of limiting the mission to observing
one field, the schedule was divided into multiple campaigns, each observing one
particular field for ~80 - 90 days. In total, 19 campaigns were scheduled and
performed, covering most of the ecliptic plane (Figure 5.2). The last campaign
ended in September 2018, when eventually the thrusters ran out of fuel.

For each campaign, the telescope could be positioned either in the same

or opposite direction compared to the direction of motion. The forward di-
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K2 Campaigns 0 through 19 (2014-2018)
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Figure 5.2: The proposed — and ultimately observed — Kepler K2 campaigns.
The Kepler mission had to be repurposed after the failure of two reaction
wheels. Each K2 campaign was observed for~80 - 90 days (Image credits:
https://keplerscience.arc.nasa.gov/).

rection allowed ground-based observations to be performed at the same time
as the campaign. Keeping the telescope in the reverse direction was however
preferable as it minimised the chance of Earth passing through the field of
view.

Following initial analysis, Howell et al. (2014) estimated the photomet-
ric precision to be two to four times worse than the original mission. This
was due to the repurposing of the telescope operations. Even though solar
pressure could keep the telescope relatively stable, accuracy in pointing had
to be ensured by readjusting the positioning through use of the thrusters ev-
ery ~6 hours (or 0.245 days). In between these adjustments, targets would
slowly drift out of their aperture, until the telescope would be brought back
to its original alignment. Due to this, the raw K2 light curves present a very
characteristic “saw-tooth” feature. The regular thruster firings also require
for additional pixels to be added to the target masks, to ensure the targets
remained within one mask at all times. Therefore, due to the limited number
of storable pixels, the star sample in one individual field had to be reduced to

~30,000 for long-cadence targets and ~130 for short-cadence ones.
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A final difference between the original and the K2 campaign concerned
the selection of the observed targets. In K2, they were all proposed by members
of the astronomical community. This was a great opportunity to search for
planetary systems around objects such as white dwarfs, which were previously

only marginally observed by the mission.

5.1.4 Kepler and K2 Light Curve Processing

Each time the data were downloaded from the Kepler Space Telescope, they
were processed by the Kepler Science Operation Centre (Jenkins, 2017).
Initially, each pixel was corrected to remove instrument-related arte-
facts. This included bias, flat and dark current corrections, as well as any
noise due to electronics. Subsequently, any background noise arising from cos-
mic rays, zodiacal light or similar occurrences was removed from each aperture.
For each object, the aperture was tweaked to account for differences in pointing
and focus. Aperture photometry was then performed to create light curves.
The systematic errors produced by the telescope operations in the K2 mission
were additionally calibrated either by the Kepler Guest Observer Office (Van
Cleve et al., 2016) or using the Self Flat Fielding method (SFF) developed
by Vanderburg and Johnson (2014). Any other outliers were then removed to
produce a Presearch Data Conditioning (PDC) light curve (Jenkins, 2017).
The generated data were then uploaded to the Mikulski Archive for
Space Telescopes (MAST). As well as the generated light curves, calibrated
pixel files were also added to the archive, in order to allow the user to self-

extract the light curves if required.
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5.1.5 Target Selection

The white dwarf research group at the University of Leicester played a sig-
nificant role in selecting and proposing white dwarf targets for the Kepler
K2 campaigns. For each campaign, spectroscopically identified white dwarfs
brighter than 19.5 magnitudes were selected in order to search for eclipse-like
events in their light curves.

The targets were identified by my colleague Ian Braker (Braker, 2019)
in a variety of catalogues, such as McCook and Sion (2016), SDSS (Kleinman
et al., 2013; Kepler et al., 2015, 2016) and LAMOST (Guo et al., 2015). More-
over, any other targets from photometric catalogues with a >60% chance of
being white dwarfs were also included (Gentile Fusillo et al., 2015b,a, 2017).
Generally, any white dwarf in a known binary system or with a brighter star in
their immediate vicinity (within a few pixels) was not included in the sample.
Due to these constraints, the number of surveyed targets in each campaign
varied from a few tens to a few hundred objects.

Although the Kepler K2 mission was not the primary focus of my work,
I was involved in the analysis of Campaign 14 observed white dwarfs, which
consisted of 368 targets brighter than 20 magnitudes, in search for eclipse-like
events. This campaign lasted 81 days (May 31, 2017 — August 19, 2017) and
was centred at coordinates RA = 10:42:44 and Dec = 06:51:06.

Running the analysis consisted in creating Discrete Fourier Transforms
(DETs) of the downloaded MAST light curves, in search for periodicities. In
the presence of a significant peak in the periodogram of a star, the 81 day-long
light curve was folded over the relevant period and then inspected to search

for characteristic features as well as to confirm the veracity of the variation.
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5.2 WD10324011: A New Eclipsing WD-+BD
System - Discovery and Preliminary Re-
sults

In the process of analysing the K2 Campaign 14 data, one of the targets
(EPIC248433650) showed a prominent eclipse-like feature, with a period of
~133 minutes.

The target, known as WD1032+4-011, was first identified as a hydrogen-
rich (DA) white dwarf by Vennes et al. (2002), as part of the 2df QSO survey.
The object was surveyed by the Sloan Digital Sky Survey (SDSS), and those
spectra were used by Eisenstein et al. (2006) to measure the star’s effective
temperature (Teg) and surface gravity (logg), which are 9904+109 K and
8.13%0.15 respectively. Later analysis of the star’s Spectral Energy Distribu-
tion (SED) with data from SDSS and UKIDSS (UKIRT Infrared Deep Sky
Survey) revealed an infra-red excess indicative of a redder substellar compan-
ion, most likely a brown dwarf of class L5 and mass of 554 My, (Steele et al.,
2011). All photometric parameters are shown in Table 5.2.

The number of observed brown dwarfs in eclipsing systems with their
host stars is very low. About 20 of these objects are known to exist in close
orbits around main sequence stars (e.g. Grether and Lineweaver, 2006). Previ-
ous to my discovery discussed in this chapter, only 5 non-interacting eclipsing
brown dwarfs had been confirmed to be in the post-common envelope stage
of the binary evolution. Three of these are found around hot subdwarf stars
(Geier et al., 2011; Schaffenroth et al., 2014, 2015), and two around white

dwarfs: SDSS J141126.20+200911.1 (Beuermann et al., 2013; Littlefair et al.,
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Property Value info

Ra 10 34 48.93
Dec +00 52 01.4
Distance 326.78+45.58 pc Gaia
J\Y 0.68+0.1 M, Steele et al. (2011)
K2 19.0734+0.01 K2
fuv 22.670£0.224 Galex
nuv 20.15240.037 Galex
u 19.54740.032 SDSS
g 19.03440.010 SDSS
r 19.07640.012 SDSS
i 19.16940.019 SDSS
z 19.24040.076 SDSS
Y 18.82040.042 UKIDSS LAS
J 18.64840.056 UKIDSS LAS
H 18.2024+0.107 UKIDSS LAS
K 18.03440.141 UKIDSS LAS

Table 5.1: Photometry and literature parameters for WD1032+4-011.

2014) and SDSS J120515.80-024222.6 (Parsons et al., 2017).

5.2.1 Photometry: Kepler K2

I initially retrieved the light curve for WD10324-011 provided by the Kepler
Guest Observer Office (Van Cleve et al., 2016) from MAST, in order to run
a preliminary periodogram and hence detect any significant variability. To
perform this, I used the NASA Periodogram Tool provided by the NASA
Exoplanet Science Institute', which uses the Lomb-Scargle method (Lomb,
1976; Scargle, 1982) to produce a Fourier Transform of the data. Although
a matched transit filter algorithm might be more effective to detect transit-
like events, due to the large number of data points in the Kepler K2 light

curves, as well as the long cadence of the data, I found that using Discrete

!(https:/ /exoplanetarchive.ipac.caltech.edu/cgi-bin /Pgram /nph-pgram)
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Fourier Transforms (DFTs) as a detection tool was sufficient. This is further
supported by the discovery of WD11454-017 in the Kepler K2 data.

The software identified a period of ~0.092 days (approximately 2.2
hours). I proceeded to fold the original light curve file over the detected period
(Figure 5.3) and finally binned it (Figure 5.4). The phase-folded light curve
clearly reveals a primary eclipse feature, which however appears shallower and
broader than a companion to a white dwarf in such period would be expected
to produce. This is due to the short ~6 s exposures being combined into a
cadence of 29.4 minutes, which covers approximately one quarter of the ~133

minute orbit.

I

1.6 —

1.4 —

Normalised Flux

Figure 5.3: The phase-folded K2 light curve of WD1032+011, on a period of
~0.092 days. The plot displays two periods for clarity. Eclipse-like features
are clearly present, although they appear shallower and broader than they are
in reality, due to K2 long cadence of 29.4 minutes.
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Figure 5.4: The binned and phase-folded K2 light curve of WD1032+4-011, on a
period of ~0.092 days. The plot displays two periods for clarity. The primary
eclipse feature is evident. No sign of a secondary eclipse (which should appear
at phase 0.5) is present.
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Night Filters Seeing  Airmass Exposure
20180119  u/g'r’ 147 1.24-1.36 6 s
20180123  u'g'r’ 1.07  1.56—1.77 6s
20180119 /¢ 0.77  1.41-1.49 4.5 s

Table 5.2: ULTRACAM observations of WD1032+011

5.2.2 Photometry: ULTRACAM

Due to the Kepler K2 long cadence altering the shape of the eclipse, follow-up
photometry was needed in order to model the system and determine the radii
of the two components and their inclination.

My collaborator Steven Parsons observed three eclipses of WD1032+011,
over the course of two nights (19 and 23 January 2019) using ULTRACAM
(Dhillon et al., 2007), mounted on the ESO New Technology Telescope (NTT).
ULTRACAM is able to observe in three filters simultaneously, so data was col-
lected in v, ¢’ and r” bands for two of the eclipses, and u’, ¢’ and ¢’ bands for
the third one (Table 5.2). The data were reduced by collaborators using the
ULTRACAM pipeline software. Once reduced, the source flux of the target
was extracted performing aperture photometry on all the images, using vari-
able aperture sizes, dependent on the source’s full width at half maximum.
The flux for a comparison star in the field was also extracted and used to
perform differential photometry on the target, thus eliminating any weather
and atmosphere related variations. Ultimately, in order to achieve the re-
quired signal-to-noise ratio, the u” band data was coadded upon collection to
an exposure time of 18 s (3 exposures per bin).

Since different comparison stars were used on different nights, the con-
tinuum level flux was determined for each light curve, and was then used to

normalise each light curve to a continuum level of ~1. Finally, the light curves
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in each of the observed filters were phase-folded over the period extracted from

the K2 data.

5.2.3 Photometry: Brown Dwarf Spectral Type

Upon discovery of this eclipsing system, I created combined white dwarf-brown
dwarf models in order to match them to the Galex, SDSS and UKIDSS pho-
tometry in Table 5.2.

The first step in creating a combined model involved producing a nor-
malised model for the white dwarf at 10 pc. This was done by matching a
Ter = 10,000 K and log g = 8.0 white dwarf model spectrum from Koester
(2010) to the absolute magnitudes of a white dwarf with the same properties
found in Holberg and Bergeron (2006); Tremblay et al. (2011). I then repeated
the same process for a few brown dwarf spectral types (L3, L4, L5 and L6), this
time sourcing the absolute magnitudes from Dupuy and Liu (2012) and the
template spectra from Burgasser et al. (2004), Burgasser et al. (2010), Reid
et al. (2006) and Cruz et al. (2004), which are archived in the SpeX Prism
Spectral Libraries. The absolute magnitudes for both the white dwarf and the
L dwarfs were converted into flux density F, (measured in units of Janskys)

through the following equation:

F, = Fy+ 10725 (5.2)

where M is the absolute magnitude, and Fy is the zero-point flux of the rele-
vant filter, obtained from the SVO Filter Service (Rodrigo et al., 2012). More-

over, as the flux densities of the template spectra was given as a function of
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wavelength (F), these were converted into F), using the basic formula:

)\2
F,="—F (5.3)

where ) is the wavelength (in m), and c is the speed of light (in ms™!). In the
particular case in which the wavelengths are in units of Angstroms, equation
5.3 can be rewritten as:

A2 Fy

F,
j§:334*“ﬁC§)

erg em=2 s~ A-1 (5.4)

Once the spectra were all normalised to the same flux scale, I interpolated
each one to ensure they all were on the same wavelength scale. Subsequently I
combined the normalised white dwarf model spectrum with each of the brown
dwarf normalised template spectra. I then normalised them all to the ¢ band
SDSS photometry, and plotted them with the Galex, SDSS and UKIDSS pho-
tometry data points (Figure 5.5). The UKIDSS magnitudes were consistent
with the WD+L5 model of the system, as expected from Steele et al. (2011).
These were however preliminary results, and an infra-red spectrum was re-

quired to better constrain the spectral type of the brown dwarf companion.

5.2.4 Spectroscopy: FORS

Prior to my discovery of photometric variability, WD1032+011 had been ob-
served by my collaborator Sarah Casewell as part of a bad-weather programme

using the visual and near-ultraviolet FOcal Reducer and low dispersion Spec-
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Figure 5.5: SDSS spectrum of WD1032+011 matched to various white dwarf
+ brown dwarf template spectra. The Galex (stars), SDSS (triangles) and
UKIDSS (diamonds) magnitudes are also shown.
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trograph (FORS; Appenzeller et al., 1998), mounted on the Very Large Tele-
scope (VLT). Using the G1200B grism and the 1” slit, they were able to sample
most Balmer lines — including HS, but excluding Ha. The star was observed
in blocks of one hour a night over the course of three nights (January 05-06-24,
2016). The collected spectra had exposure times of 420 seconds, resulting in
6 spectra for each of the 1-hour slots, and 18 spectra in total. The data were
reduced using the FORS REFLEX pipeline (Freudling et al., 2013). A trailed
spectrum was then created using MOLLY, by phase-folding the spectra accord-
ing to the K2 orbital period (Figure 5.6) While it is clear from the trail that
the white dwarf is moving according to the K2 period, the resolution was not

sufficient to determine a radial velocity for WD1032+011.

5.3 Follow-up Spectroscopy

As Figure 5.6 shows, the FORS spectra were insufficient in resolution for a
model to be fit to them. Therefore, our team submitted a proposal to the
Gemini-North observatory in order to observe WD1032+4-011 with both the
Gemini Multi-Object Spectrograph (GMOS; Hook et al., 2004), and the Gem-
ini Near-Infrared Spectrograph (GNIRS; Elias et al., 2006). The target was
observed on three different nights (11-13 January 2019), collecting a total of
24 spectra with GMOS and 8 with GNIRS.

5.3.1 GMOS: Design and Observing Strategy

The Gemini Multi-Object Spectrographs (GMOS; Hook et al., 2004) North

and South are almost identical twin instruments mounted on the two Gemini
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Figure 5.6: FORS trailed spectra (sorted in order of phase) of the Hj line for
WD1032+011. A clear sinusoidal movement can be seen in the trail. How-
ever, as the spectra were collected as part of a bad-weather programme, the
resolution was not high enough to fit the spectra and extract a radial velocity
measurement.
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telescopes. Gemini North (Figure 5.7, from the GMOS fact sheet?) is an 8.1 m
optical/infrared telescope situated at the Mauna Kea Observatory in Hawaii.
The spectrograph covers a spectral range of 0.36 - 1.03 pm, sampling 0.0807”
per pixel.

The instrument provides a choice of 7 long slits (with a length of 330”).
In this work, we used the 0.75” slit, with a binning of 2x2. It also offers 6
gratings, with resolving powers ranging between ~630 — 4400. For this work,
the R831 grating, centred at a wavelength of 5750 A, and thus covering a
wavelength range between 4600 Aand 6900 A. The 24 collected spectra had

an exposure time of 900 s.
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Figure 5.7: A diagram representing the main structure and components of
GMOS (from the GMOS fact sheet).

https : //www.gemini.edu/sciops/instruments/factsheet /Factsheet — GMOSN —v14.pdf
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5.3.2 GNIRS: Design and Observing Strategy

To better constrain the nature of the infrared excess in the UKIDSS flux of
WD10324-011, the Gemini Near-Infrared Spectrograph (GNIRS) was used to
collect infrared spectra of the star (Figure 5.8, from the GNIRS fact sheet?).
GNIRS covers a spectral range of 0.8 — 2.5 um, and provides a range
of low to high resolutions modes that can be achieved by choosing one of four
camera mode options. In this work, the short camera option was used, which
provides a slit length of 77 and a resolution of ~500 over the entire spectral
range. The chosen slit width was of 1.0”. A total of 8 exposure was collected,
each with an exposure time of 440 s. These were subsequently combined at

the data reduction stage, in order to achieve a higher signal-to-noise ratio.

5.3.3 Data Reduction

Both GMOS and GNIRS data were reduced and extracted by collaborators.
GMOS spectra were reduced using a specific IRAF package for long-slit spec-
troscopy (Tody, 1986). The data was subsequently wave-calibrated and flux
calibrated using observations of standard star Hiltner 600. GNIRS data were
reduced using K. Allers’s adaptation for GNIRS [K. Allers, private comm.| of
the SPEXTOOL v4.1 software (Cushing et al., 2004). The spectra were then
telluric corrected using the XTELLCORR software (Vacca et al., 2003) and a

standard star of class AOV.
Shttps : //www.gemini.edu/sciops/instruments/factsheet /Factsheet — GNIRS — v1.4.pdf
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Figure 5.8: A diagram representing the main structure and components of
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5.4 Results

5.4.1 Radial Velocity

Once the 24 GMOS spectra were reduced and calibrated, I analysed them
using the MOLLY software, as described in Chapter 2 (section 2.5). I used
the ephemeris (7p) found from the ULTRACAM data fitting and the period
from the K2 light curves to phase fold the spectra and produce a trail of the
Ha absorption feature of the white dwarf. I used ‘mgfit’ to fit three Gaussian
functions to the feature using the same k and « velocities (an example shown
in Figure 5.9). I allowed these to vary around the orbit according to the radial

velocity formula:

V, =+ ksin(27¢) (5.5)

where ¢ is the orbital phase of the system. Although MOLLY does not provide
any errors associated with the calculated phases, an error in the K2 period
of +0.00000000003 days makes systematic errors due to ephemeris drifting
unlikely.

The trails for the data, the model fit and the residuals are shown in
Figure 5.11. The errors on the radial velocity parameters that I used were
found by multiplying the errors associated to the data by a factor of 4.2, in
order to achieve a reduced x? value of x2 ~ 1. The final fit resulted in velocities
of k =48.8 £ 2.64 kms™! and y=122.08£1.94 kms~!.

Unfortunately, there were no hydrogen emission features that could

be attributed to the brown dwarf in the spectra (e.g. Casewell et al., 2015;
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Longstaff et al., 2017), so parameters for the brown dwarf’s radial velocity
could not be measured from the GMOS data. In addition, I searched the
spectra for some of the characteristic metal lines present in irradiated brown

dwarfs, such as Na I and Mg I (e.g. Longstaff et al., 2017), but none were

present.
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Figure 5.9: An example of the ‘mgfit’ fit to the Ha absorption line of
WD10324-011. I used a combination of three Gaussian functions to produce
the model, which was then fit to all the 24 GMOS spectra.
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5.4.2 Follow-Up on the Brown Dwarf Spectral Type

Once the GNIRS infrared spectra were coadded to reach the required signal-
to-noise ratio, I added them to the plot shown in Figure 5.5 to verify the
spectral type of the brown dwarf companion to WD10324-011. The new plots
are shown in Figures 5.11 and 5.12 (zoomed into the near-infrared side of the

SED).

102 - ﬂq

Flux (mJy)

GNIRS Spectrum
WD+L3
— WD+L4
— WD+L5
— WD+L8
— T = 10000K logg =8
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o UKIDSS

10t L
10*
Wavelength (4)

Figure 5.11: GNIRS infrared spectrum of WD10324-011 matched to various
white dwarf + brown dwarf template spectra. The SDSS (triangles) and
UKIDSS (diamonds) magnitudes are also shown.

In the plots, the GNIRS spectrum confirms L5 to be the most probable
spectral type for the brown dwarf, in agreement with Steele et al. (2011). How-

ever, Figure 5.12 shows that while, in general, the photometry agrees with an
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Figure 5.12: GNIRS infrared spectrum of WD10324011 matched to various
white dwarf + brown dwarf and white dwarf + late M-dwarf template spectra,
zoomed in to the near-infrared. The SDSS (triangles) and UKIDSS (diamonds)
magnitudes are also shown.
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L5 brown dwarf, the UKIDSS H and K bands show some discrepancies with
the model. In the H-band the photometry is more consistent with an L4-L5
type, while the K-band is closer to an L5-L.6. The K-band discrepancy is
particularly interesting, as other systems such as SDSS J141126.20+200911.1
(Casewell et al., 2018) and WD0137-349B (Casewell et al., 2015) show a K-
band brightening due to UV flux from the white dwarf irradiating the brown
dwarf companion. What is observed in the spectrum of WD1032+011 could
be explained by the UKIDSS K-band photometry being obtained while the
system was eclipsing, however due to the short eclipse duration this is perhaps
unlikely. Otherwise, it could be due to a reflection effect. This second option
is however also unlikely, as the optical light curves (both in the K2 and UL-
TRACAM data) show no sign of a reflection feature, which suggests the the

near-infrared magnitudes should not change significantly over an orbit.

5.4.3 T and log g Calculation

Although the FORS spectra were of insufficient resolution to obtain a radial
velocity solution for the system, they were employed to better constrain the
effective temperature and surface gravity of the white dwarf. To do this, the
18 spectra were analysed with the FITSB2 codes, using DA white dwarf models
from Koester (2010) as reference.

The model grid consisted of a set of DA white dwarfs with a T.g range
bewtween 6,000 K and 40,000 K (in steps of 1000 K) and a log g range between
6.5 dex and 9.5 dex (with increments of 0.25 dex). Assuming an uncertainty in
effective temperature of 2.3% and in surface gravity of 0.07 dex (Napiwotzki

et al., 1999), the new values were estimated to be Teg = 9,991 £+ 230 K

141



and logg = 8.054 £ 0.07. Comparing these values to Fontaine et al. (2001)
evolutionary models for thick-H layer white dwarfs, the resulting radius, mass
and cooling time for WD1032+011 are Ry p = 0.0122R,, My p = 0.615M
and t.oo = 0.715 Gyr.

5.4.4 Light Curve Fitting

The ULTRACAM light curves were then fitted by Sarah Casewell using LCURVE
(Copperwheat et al., 2010) to better constrain the orbital period and the radii
of both the white dwarf and the white dwarf. The mass ratio, radii, inclination
and limb darkening parameters of the system were allowed to vary. LCURVE
runs Markov-Chain Monte-Carlo (MCMC) simulations to find a best fit to all
these parametes. Results to the fit for the ', ¢’ and " ULTRACAM light

curves are shown in Figure 5.13.

5.5 Discussion

Once paramaters such as the mass ratio (¢), the fractional radii (Rwp/a and
Rpp/a), inclination (7) and radial velocity of the white dwarf (k) were obtained
from fitting a model to the ULTRACAM light curves and to the GMOS spec-
tra, these were then used to obtain mass and radius measurements for both
components of the system (Littlefair et al., 2014). This was done by running
a Monte-Carlo simulation which selects random values 10° times. As the light
curve fitting and the spectral line fitting already provided us with likely so-
lutions and errors for the system’s radial velocity and the white dwarf mass,
these where used to put limits to the random distributions for Myp fed to

the simulation. Once these values were constrained, they were then used in
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Figure 5.13: ULTRACAM light curve in «’ (top), ¢’ (middle) and 7’ (bottom)
bands, shown with their best fitting models and respective residuals. The
system totally eclipses in all three bands (Casewell et al., in prep.).
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equation 5.6 to give a solution for the brown dwarf mass (Mpp).

P M3
k= BD sin
27TG (MWD + MBD)2

3

i (5.6)

In the equation, P is the orbital period of the system and G is the Gravitational
constant. Finally, the resulting masses were used in equation 5.7 (Kepler’s
third law) to find the semi major axis a of the orbit, which was subsequently
used to obtain the white dwarf and brown dwarf radius values from their
fractional radii (Rwp/a and Rpp/a respectively).

The resulting parameters for the WD10324-011AB system are shown in
Table 5.3.

G(Mwp + Mpp)

a® = o P? (5.7)

Parameter Value

Mass Ratio ¢ 0.091£0.011
inclination(°®) 87.560£0.720
Rwp (Re) 0.01601140.001394
Rep(Ro) 0.11475340.010463
My p(Me) 0.58887740.043005
Mgpp(Me) 0.07900440.005952

Table 5.3: WD10324+011AB parameters from fitting the mass function.

From this fit, the calculated mass for the sub-stellar companion was too
high for an L5 brown dwarf. As the fit to the mass function (Equation 5.6)
was strictly dependent on the previously calculated white dwarf mass, this

discrepancy in the results suggested a wrong estimate for the star’s mass had
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been used.
WD1032+011 was observed by the Gaia Mission. The measured Gaia
parallax to the star is p ~ 3.062 mas. From parallax, the distance to a star

(in parsecs) can be calculated as:

with the parallax in arcseconds. Once I calculated the distance, I used the
SDSS ugriz apparent magnitudes (Table 5.2) to calculate the absolute ugriz
magnitudes for the star, using the following formula:

d
M =m — 5.0log;o( (5.9)

Tope)

Comparing the calculated magnitudes to the Holberg and Bergeron (2006)
DA model magnitudes, these are more consistent with a T.g =10,000 K and
log g = 7.5 white dwarf. In light of this new information, the FORS spectra
were modelled to produce a better estimate of the white dwarf Teg and log g.
The fit (Figure 5.14) returned most likely values of Teg =101964+235 K and
logg = 7.81 £ 0.07. The final parametes for both the white dwarf and the

brown dwarf are shown in Table 5.4.

Parameter Value
inclination(°) 87.560+0.720
Rwp (Re) 0.0145+0.0006
Rzp(Re) 0.108643-+0.009923
My p(Mg) 0.4964-0.036

Mpp(Ms)  0.0708204 0.005321

Table 5.4: WD1032+011AB final parameters.
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Comparing the final brown-dwarf parameters to the Baraffe et al. (2015)
mass-radius relation models, these still result to be inconsistent with what it

would be expected (see Figure 5.15).

Brown dwarf radius (R Jup)

10 20 30 40 50 60 70 80
Brown dwarf mass (M JUIO)

Figure 5.15: The mass-radius relation for the brown dwarf in WD1032+011.
In the plot, different isochrones from Baraffe et al. (2015) are shown as solid
and dashed lines. The black pentagon represents WD10324-011, while the two
black circles represent the only other eclipsing white dwarf + brown dwarf
systems. The rest of the objects plotted represent known main sequence star
+ brown dwarf systems.

According to the Baraffe et al. (2015) models, a brown dwarf with
the same parameters as WD10324-011 would have an effective temperature
of 2395 K and an age of 428 Myr, which are inconsistent with an L5 spectral
type and the cooling age of the white dwarf companion, respectively. The

most likely reason is that the fit to the white dwarf Balmer lines is still not

optimal. Comparing the final white dwarf parameters to the Holberg and Berg-
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eron (2006) DA models, the Gaia absolute magnitude should be 11.83 mag.
However, through the method discussed above, the observed absolute Gaia
magnitude for the system is ~9.27, more consistent with a logg = 7.5 white
dwarf.

A lower white dwarf mass (and a larger radius) would result in lower
parameters (mass and radius) for its brown dwarf companion. Therefore, a
future step will involve a new fit of the Balmer lines, using UV data to better

take into account the extinction of the system.

5.6 Summary

In this Chapter, I present my discovery of the third eclipsing white dwarf +
brown dwarf system. Systems such as this are immensely helpful to determine
the characteristic of brown dwarfs, as they allow to determine physical prop-
erties such as masses and radii with higher precision than systems involving
hot — and probably pulsating — subdwarfs.

My collaborators used FORS spectra, combined to the Gaia parallax of
p ~ 3.062 mas, to determine an effective temperature for the white dwarf T =
101964235 K and a surface gravity of log g = 7.814+0.07. These correspond to
a mass of My p = 0.496 +0.036 M, and radius of Ry p = 0.0145+0.0006 R .
They used LCURVE to fit a model to ULTRACAM /¢’ observations of the
primary eclipse, thus extrapolating the inclination of the system, as well as
the mass ratio ¢ and the fractional radii of the components. I then used the
MOLLY software on the GMOS time-resolved spectra to obtain a white dwarf
radial velocity measurement of k = 48.84+2.64 kms~!. I then fitted the GNIRS

stacked spectrum, SDSS ugriz photometry and UKIDSS JH K photometry to
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SED models of various white dwarf + brown dwarf systems to confirm the
spectral type of the brown dwarf companion to be L5. Finally, the radial
velocity and mass solution of the white dwarf — combined with the estimated
inclination and the fractional radii — were used to create a fit to the mass
function (Equation 5.6), resulting in a mass and radius solution for the brown
dwarf of Mgp = 0.0708 + 0.0053 M, and Rgp = 0.1086 + 0.0099 Ry. The
brown dwarf shows no signs of irradiation, neither in the spectra nor in the

photometric data.
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Chapter 6

NOI-101535 and NOI-103465:
Two Newly Discovered
Eclipsing WD-+MS Systems in
NGTS

Transit surveys offer a unique opportunity to detect and extract instrinsic
properties of extrasolar planets, such as their radii, inclinations and orbital
separations. When paired with radial velocity data — which determine the
mass — photometric detections of planets also allow us to determine the bulk
compositions of the transiting planets (e.g. Baraffe et al., 2008).

Space-based telescopes such as Kepler (Borucki et al., 2010) and CoRoT
(Auvergne et al., 2009) were able, through higher precision photometry and
without being affected by the Earth’s atmosphere, to discover planets with
masses and sizes comparable to Earth around bright stars. However, while

the space setting allows the detection of small, rocky planets (e.g. Léger et al.,
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2009; Queloz et al., 2009; Batalha et al., 2011), these are also usually found
around stars that are too faint to be observed from the ground for radial
velocity determination. Hence their masses remain unconstrained most of the
time.

On the other hand, the most successful ground-based large-scale transit
surveys such as WASP (Pollacco et al., 2006) only allowed the discovery of
larger, Jovian planets around solar-type stars. This is due to Earths and
super-Earths only producing very shallow dips in the stellar flux, too shallow
to be detected from Earth. However, Neptune-sized planets around late main
sequence stars should be detectable from the ground due to their sufficient
transit depths. This is confirmed by the discovery of planets such as HAT-P-
11b (Bakos et al., 2010) and the seven Earth-like planets around TRAPPIST-1
(Gillon et al., 2016, 2017).

To better investigate the transition region between super-Earths and
Neptune-like planets, a new ground-based survey was designed, as both a
discovery instrument for new exoplanets in the aforementioned region, and a
method of following up planet candidates identified in space missions. This
new survey has also proven useful in identifying extreme stellar binary systems,
such as white dwarfs being eclipsed by main sequence companions. In this
Chapter, I present the discovery of two such systems in the Next Generation

Transit Survey.

6.1 The Next Generation Transit Survey

The Next Generation Transit Survey (NGTS; Wheatley et al., 2018) has the

primary science goal of detecting extrasolar planets with sizes down to at least
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that of Neptune, thus increasing the sample of transiting planets visible from
Earth that can be followed up for radial velocity confirmation. In addition,
the NGTS facility can be used to follow up planet candidates detected in space
missions such as the Transiting Exoplanet Survey Satellite (TESS; Ricker et al.,
2015).

To accomplish this goal, NGTS was designed to detect transit depths
down to 0.1%, corresponding to a super-Earth sized planet transiting an early
M dwarf star (Wheatley et al., 2018). Moreover, to ensure the possibility of
spectroscopic follow-up, the survey was set to sample stars brighter than 13
and 15 mag (depending on the employed spectrograph: HARPS or ESPRESSO
respectively (Mayor et al., 2003; Pepe et al., 2014)). Due to atmospheric con-
straints linked to ground-based photometry, the NGTS facility was built (dur-
ing 2014-2015) at the Cerro Paranal site in Chile, which ensures a high fraction
of clear skies as well as low extinction. Other effects such as variable sky back-
ground due to Moon or Sun illumination (Noll et al., 2012) and scintillation
caused by atmospheric turbulence (Osborn et al., 2015). Taking these effects
into account, the required photometric precision of 0.1% was achievable for
targets brighter than I = 14 mag (on dark nights) and I = 13 mag (at full
Moon).

6.1.1 NGTS Design

To minimise the atmospheric refraction effect which causes the field of view of
ground-based telescopes to stretch, thus limiting the amount of sky over which
autoguiding is possible, NGTS was designed as an array of 12 individual 20 cm

telescopes. Each telescope is mounted on an individual equatorial mount, and
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positioned in two rows of 6 telescopes along the East-West direction (Figure
6.1). The individual mounts allow each telescope to be slewed independently,
making the survey efficient at following up multiple transit candidates at once.
The telescopes have an individual field of view of approximately 8 square
degrees, which results in a potential total field of view of ~100 square degrees.

Each telescope has a hyperbolic primary mirror with a 20 cm diameter,
a focal ratio of /2.8, a flat secondary mirror with a 9 cm diameter, and a four-
element corrector lens. The mirrors are coated with protected aluminium,
which is the most stable compound at the instrument location. The coating
on the corrector lenses is optimised to span over the NGTS filter wavelength
range (520 to 890 nm). The chosen filter has the best sensitivity to K and
early M type stars.

A 2048 x2048 CCD is fitted to each of the 12 telescopes. The CCDs are
packed into custom versions of the Andor iKon-L 936 camera, an upgraded
version of the cameras used for the WASP survey (Pollacco et al., 2006). Each
pixel in the devices has a size of 13 pum, and each device has an image area
of 27.6x27.6 nm. All the cameras are equipped with a thermoelectric cooler

which allows them to operate at a temperature of —70°C.

6.1.2 NGTS Observing Strategy and Operations

NGTS is completely robotic. The enclosure opens every night 1 hour before
sunset, to allow the instrumentation to reach the temperature of the surround-
ings. While the Sun is between —4.5° and —8.5°, the telescopes take 100 flat
frames, while pointing to the anti-Solar azimuth. Subsequently, each camera

runs a focus check and will occasionally adjust to its optimal focus. While
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Figure 6.1: The two arrays of 20 cm telescopes used at the NGTS facility
(Wheatley et al., 2014).
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the sun is 15° below the horizon, science frames are collected. After morning
twilight, the telescopes perform a second focus check and collect another 100
flat frames, followed by a sequence of dark and bias frames after the structure’s
roof is shut, to minimise light contamination.

Each night, each telescope can operate in two different mode. In either
of these, the telescopes have exposure times of 10 s.

When in ‘survey’ mode, a telescope usually observes two pre-assigned
fields per night, observed for as long as possible while they are higher than
30°. Each field is followed by the assigned telescope every night in which it is
visible to maximise the coverage, which usually amounts to ~500 hours spread
over ~250 nights a year. The fields are selected according to criteria such as
the density of stars (<15,000 stars brighter than I = 16 mag), the fraction of
dwarf stars in the sample (>70%), their positions with respect to the eclipctic
and Galactic planes (usually more than 30° and 20° away respectively) and
their proximity with very bright objects.

When in ‘follow-up’ mode, a telescope is assigned to observe a partic-
ular star, which is positioned in the centre of the field of view — where the
differential atmospheric refraction effect is at a minimum (Wheatley et al.,
2018).

The photometric precision of the instruments is maintained by a closed-
loop guiding system that operates while exposing. In particular, the algorithm
is an upgraded version of DONUTS (McCormac et al., 2013), and uses a master
image of the field to re-acquire the next exposure to the same sub-pixel position

as previous exposures and previous nights.
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6.1.3 Data Storage and Reduction

The NGTS telescopes generate an average of 200 GB of data per night. These
are stored into a 2 TB hard disc, which is sent to the University of Warwick
every two weeks. The data are transferred into a local database, backed up,
and then the removable hard discs are sent back to Chile to be formatted and
reused.

The images are then reduced by using mean-combined master bias and
flat frames. In particular, the flat frames are sigma-clipped to ensure no stars
contaminate the field. Dark current is negligible in the NGTS CCDs, but the
master dark frames are monitored.

Before performing aperture photometry, a World Coordinate System
(WCS) astrometric solution is calculated for each image, which ensures each
aperture is precisely placed on its target. Aperture photometry is carried out
using the CASUTOOLS IMCORE_LIST software (Irwin et al., 2004). Apertures
have a standard size of 3 pixels (which corresponds to 15 arcseconds). Differ-
ential photometry is then performed on the newly extracted raw light curves.
This is done by calculating a mean light curve that is used as a proxy for a
comparison star. Other sources of systematic variability are caused by airmass
and Moon illumination. These show as periodic signals, and to eliminate them,
the light curves are analysed for variance. Any significant periodicity is then
inspected to ensure it does not have a transit-like shape, and is subsequently
removed. This helps improve the transit detection rate by 10-30%, and to

reduce the false detection probability by 50%.
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6.1.4 Transit Detection

In order to detect transit-like features in the detrended light curves, the data
is run through a Box-Least-Squares (BLS, Kovécs et al., 2002) algorithm using
the ORION code (previously used to detect most of the transit in the WASP
survey). The algorithm is based on the work by Collier Cameron et al. (2006),
but was enhanced to encompass box profiles with a wide range of widths
(sampling transit durations from 1.5 to 3.75 hours, with increments of 0.75
hours). This allows a better match for eclipsing planets in inclined orbits,
which have shorter eclipses.

Transit candidates detected by ORION are consequently vetted through
an automated algorithm known as CANVAS (CANdidates Vetting, Analysis and
Selection). The algorithm uses the BATMAN code (Kreidberg, 2015) to fit the
transit model by Mandel and Agol (2002) to each transit feature detected. The
spectral class of each star detected in the survey is determined by fitting the
available magnitudes (provided by various surveys such as SDSS, SkyMapper,
2MASS, APASS, Gaia, etc.) to spectral energy distribution (SED) models of
main sequence and giant stars, and by choosing the model with the minimum
x? value. Combined with the results from BATMAN, CANVAS is then able to
provide a first estimate for planet radii, orbital distances, impact parameters
and stellar densities. Subsequently, the algorithm rules out detections with
known periods (which are most likely aliases dependent on the observing win-
dow or airmass), detections that have variabilities with large amplitudes (most
likely variable stars) and detections with poor phase coverage. Finally, CAN-
VAS searches for evidence of secondary eclipses, the presence of which suggests

the transits are caused by a binary stellar system rather than by a planet.
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While this method is widely efficient in detecting planet candidates
and ruling out binary systems, some extreme systems may still be flagged as

planetary transits.

6.2 Two New Eclipsing White Dwarf 4+ main
sequence Star Systems

About one quarter of binary systems involving two main sequence stars are
found at relatively close separations (~few AU). In these cases, when the more
massive star evolves to the red giant branch (RGB) — thus expanding — the
two stars start interacting in a process known as Roche lobe overflow (Willems
and Kolb, 2004). When this happens, the two stars will form a common enve-
lope, and the secondary star will migrate inwards while transferring angular
momentum to the envelope, leading to its ejection (Webbink, 1984; Ivanova
et al., 2013). As a result, the newly formed post common envelope binary
(PCEB) will consist of a white dwarf remnant in a short period system with a
main sequence companion. To date, there are ~200 such systems known (e.g.
Nebot Gémez-Moran et al., 2011; Parsons et al., 2013).

A large number of such systems were identified within the Sloan Dig-
ital Sky Survey (SDSS, York et al., 2000). Thousands of PCEB candidates
were found within surveys using SDSS data (Silvestri et al., 2007; Rebassa-
Mansergas et al., 2010; Steele et al., 2011; Girven et al., 2011). Due to a
selection bias, most PCEB systems are found to contain a relatively hot white
dwarf in orbit with a cool, red dwarf companion. In these cases, the hot white

dwarf will dominate the flux at the blue end of the spectrum, while the cooler
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M dwarf companion will dominate the flux at the near-IR and IR end. This
allows the two components to be split by spectroscopic colour and then anal-
ysed photometrically. Older systems with cooler white dwarfs and M dwarf
components are much harder to identify as the M dwarf flux tends to domi-
nate in a larger portion of the spectrum. In some cases — such as for SDSS
J121010.1+334722.9, a metal polluted DA white dwarf (Teg = 6000 K) with
an M5 companion (Rebassa-Mansergas et al., 2010; Pyrzas et al., 2012) —
the spectral energy distribution of the system still showed an excess from the
white dwarf at the shorter wavelengths. However, systems with even cooler
white dwarfs are much more difficult to detect as the white dwarf flux is al-
most completely invisible compared to that of the M dwarf. The only way to
identify such systems is through a careful spectral analysis. The influence of
the stellar wind from the M dwarf on the chromosphere of the white dwarf
can produce emission lines, which can allow us to determine radial velocity
variations for both components of the system. An example of this is SDSS
J013851.54-001621.6 (Parsons et al., 2012a), a PCEB with a 0.53 My white
dwarf with a surface temperature of 3571 K and a 0.132 My M dwarf com-
panion (Figure 6.2). Surveys like NGTS, with estensive orbital coverage and
short cadences, are ideal to detect these types of systems, as they present very
characteristic eclipse signatures. When the M dwarf companion eclipses the
white dwarf, it produces extremely short (/15 minutes) deep transits, espe-
cially if observed in blue optical wavelengths, where the flux from the M dwarf
is negligible.

Due to the detection limitations for old, cool post common envelope
binaries, these systems are incredibly rare. To date, the only system where

the white dwarf has a temperature of less than 4000 K is SDSS J013851.54-
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Figure 6.2: Trailed spectra of SDSS J013851.54-001621.6, centred on the Ca
IT line at 3934 A. Emission in seen from both the white dwarf (stronger line

with smaller amplitude) and the M-dwarf (weaker line with larger amplitude).
The red lines track the motion of each component (Parsons et al., 2012a).
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001621.6 (Parsons et al., 2012a), which was originally identified by Becker
et al. (2011) as a transiting candidate from SDSS photometry.

At the moment, the masses and radii of isolated cool white dwarfs are
identified through their spectral profiles and absolute magnitudes. Current
models however do not include pressure effects, and are hence not yet con-
sidered reliable. Therefore, eclipsing systems that also present double lined
white dwarfs (such as SDSS J013851.54-001621.6, Parsons et al., 2012a) are
particularly important to determine the mass and radii of cool white dwarfs

independently.

6.3 NOI-101535

6.3.1 Optical Observations
NGTS Photometry

NOI-101535 is the first post common-envelope binary system discovered in
NGTS. It was observed by NGTS between April 21 and December 2, 2016, for
a total of 169,722 images. The images were reduced using the stardard pipeline
described in section 6.1.3 (Wheatley et al., 2018). The light curve shows a
sharp eclipse feature with a depth of 10% and a duration of approximately
10 minutes, lacking the characteristic ingress and egress features produced by
planetary transit (Figure 6.3). These properties made it clear that the transit
was produced by a main sequence star eclipsing a white dwarf. For an eclipse
of such shape, the BLS algorithm is not the best method for fitting the data.
Hence the light curve was fitted again using BATMAN (Kreidberg, 2015), to

better determine the ephemeris and period of the system. Due to the dip in the
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Figure 6.3: NGTS light curve for NOI-101535. The top panel shows the initial
BLS fitting (green line).
light curve being an eclipse rather than a transit, the eclipse model in BATMAN

produces a more accurate fit. The period of the system was estimated to be

18.87 hours, with a transit duration of 15.605 minutes (Table 6.1).

Follow-up Photometry: SHOC

To better constrain the parameters of the two companions, follow-up pho-
tometric data was collected by Liam Raynard and lan Braker at the South
African Astronomical Observatory (SAAO) using two of the SHOC cameras,
mounted on the 1.0 m and the 1.9 m telescopes respectively. Simultaneous
observations of the primary eclipse were performed from both telescopes on
the night of 23'4 September 2017 in 2’ (at the 1.0 m telescope) and V' bands

(at the 1.9 m telescope). An additional observation in B band was performed
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Property Value Source

Astrometric Properties

R.A. 20"53m29.4 2MASS
Dec —01°37'06.1" 2MASS
2MASS I.D. 20532935-0137061 2MASS
Gaia source 1.D. 6916925365694417152 Gaia DR2
pr.A. (masy™!) 2.183 £0.112 Gaia DR2
UDec. (masy™t) —94.349 4+ 0.066 Gaia DR2
parallax (mas) 16.572 £ 0.066 Gaia DR2
Photometric Properties

U (mag) 18.518 £+ 0.029 SkyMapper
g (mag) 17.12 £ 0.025 SkyMapper
r (mag) 16.363 + 0.042 SkyMapper
i (mag) 14.939 4+ 0.004 SkyMapper
z (mag) 14.271 + 0.005 SkyMapper
G (mag) 15.751 Gaia DR2
Grp (mag) 14.574 Gaia DR2
Gpp (mag) 17.049 Gaia DR2
NGTS (mag) 14.56 £ 0.01 this work
J (mag) 12.860 = 0.033 OMASS
H (mag) 12.354 % 0.039 OMASS
K (mag) 12.099 £+ 0.033 2MASS
Derived Properties

T0 (HJD) 2457500.200141 4+ 0.000107 NGTS BATMAN fit
P (days) 0.577926999 4+ 0.000000476 NGTS BATMAN fit

2MASS (Skrutskie et al., 2006); SkyMapper (Wolf et al., 2018);
Gaia DR2 (Gaia Collaboration et al., 2018b)

Table 6.1: Stellar Properties for NOI-101535
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at the 1.0 m telescope on 27" September 2017, however significant scattered
clouds adversely affected the quality of the data.

The data were bias and flat calibrated using the SAFPHOT Python
package developed by Alex Chaushev and Liam Raynard. SAFPHOT was also
employed to perform aperture photometry on the target and surrounding com-
parison stars using the ‘SEP’ package (Barbary, 2016). ‘SEP’ subtracts the
sky background by producing a background map. This is done by masking
the stars in the field, and then adopting box size and filter width parameters
that minimise the background residuals across the image. The box sizes had
widths of 16 and 32 pixels for the V" and 2’ bands respectively, while a filtering
value of 0 was adopted in both bands, in order to account to possible overes-
timation due to the presence of nearby bright stars. Subsequently, aperture
sizes that maximised the signal-to-noise ratio were chosen, resulting in sizes
of 4.0 and 3.4 pixels for the V' and 2’ bands respectively. After extracting raw
light curves for the target and surrounding stars, three comparison stars were
chosen to perform differential photometry on the target. Figure 6.4 shows the
simultaneous light curves. As expected, the depth of the primary eclipse at
bluer wavelengths is much deeper (> 5 times) than that in the 2’ filter, with

depths of ~7% in 2’ and ~40% in V.

Follow-up Photometry: NITES

Additional photometric follow-up data were collected by James McCormac
using the the Near-Infrared Transiting ExoplanetS telescope (NITES, McCor-
mac et al., 2014) in La Palma. Observations were carried out on the night of
September 9, 2017. 491 images were obtained in the I band filter, with an

exposure time of 30 seconds.
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Figure 6.4: Simultaneous observations of the primary eclipse of NOI-101535
from the SAAO 1.0 m and 1.9 m facilities in the 2’ band (red) and V' band

(green) respectively.
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band.
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Figure 6.6: Eulercam observations of the primary eclipse of NOI-101535 in ZG
band.
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The data were reduced using the CCDPROC package in Python (Craig
et al., 2015). The images were calibrated using a master bias and a master flat
frame. ‘SEP’ (Barbary, 2016) was then used to perform aperture photometry
on the target as well as non-variable nearby stars, which were then used as
comparisons upon performing differential photometry. The NITES light curve

is shown in Figure 6.5.

Follow-up Photometry: Eulercam

The last follow-up photometric run was carried out with Eulercam, mounted
on the 1.2 m Swiss Euler telescope in La Silla. Observations were carried out
by Gael Ottoni on the night of September 14, 2017. A total of 42 images were
collected in the ZG filter, with exposure times of 120 seconds.

The data were reduced by Oliver Turner using the ‘ePipe’ photometric
reduction pipeline developed by Sergi Blanco-Cuaresma (e.g. Roelens et al.,
2016). An aperture with 11 pixels in radius was used to perform aperture
photometry on the target and two comparison stars in the field. Figure 6.6

shows the resulting light curve.

Follow-up Spectroscopy: WiFeS

As mentioned in section 6.2, fitting the system’s spectrum to a model SED
can provide information on the effective temperature of the white dwarf com-
ponent, as well as insight on the spectral class of its M-dwarf companion (e.g.
Pyrzas et al., 2012). Therefore, medium resolution spectra of NOI-101535 were
obtained on the night of October 14, 2017, using the Wide Field Spectrograph
(WiFeS, Dopita et al., 2007), mounted on the ANU 2.3 m telescope at Slid-

ing Spring Observatory (Australia). WiFeS is an image-slicing integral field
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spectrograph with two arms. Both blue and red arms were used with gratings
B3000 and R3000 respectively, delivering a resolving power of ~ 3000 and a
wavelength range between 3500 and 9000 A. The spectra were wavelength-
calibrated using arc exposures of a NeAr lamp, and flux calibrated using a
spectrophotometric standard star. The extraction process was performed us-
ing the standard method described in .

SkyMapper images with higher spatial resolution than that of NGTS

revealed that NOI-101535 appears to have a nearby star at a distance of ~5

arcseconds (Figure 6.7).

Figure 6.7: A three-colour image from SkyMapper showing NOI-101535 (red
star, marked with crosshair) and its close, K-dwarf neighbour (green star to
the north).

The two objects appeared as a single source in the NGTS image (which
has a 4.97 pixel/arcsec plate scale). Gaia DR2 (Gaia Collaboration et al.,
2018b) identifies the nearby source as a K-dwarf, and confirms that the two

stars are not physically associated. However, the photometric data from sur-
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veys such as WISE and APASS are affected by this close neighbouring star.
The NGTS centroiding algorithm (Giinther et al., 2017) confirmed that the
eclipses were originating from the M-dwarf. Figure 6.8 shows an upward shift
in the x-direction of the aperture centroid. This is due to the centre-of-light
shifting towards the brighter object in the blended region, while the target is

being eclipsed by its companion.

1.00 Wiy '

FLUX

0.95 .

Figure 6.8: The centroid position shift in the x-direction (bottom panel) during
a primary eclipse of NOI-101535 observed in the NGTS data (top panel). The
image is directly taken from the OPIS database. The x-axis shows the phase
of the system, while the y-axis shows relative flux (top panel) and centroiding
shift (bottom panel).

The 1 arcsec per image-slice spatial resolution provided by WiFeS, com-
bined with the good seeing conditions on the night of observations enabled us

to separate the two neighbouring stars, and to extract spectra for both NOI-
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101535 and the K-dwarf (Figure 6.9).
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Figure 6.9: The extracted red and blue WiFeS spectra for the K-dwarf neigh-
bour to NOI-101535 (Star A) and for the target itself (Star B).

Follow-up Spectroscopy: KOSMOS

The last important follow up set of observations was that involving time-
resolves spectroscopy. With consecutive spectra, MOLLY could provide radial
velocity solutions for both components of this cool PCEB system. NOI-101535
was observed for three nights (14-15-16 October 2017) using the Kitt Peak Na-
tional Observatory Ohio State Multi-Object Spectrograph (KOSMOS, Martini
et al., 2014), mounted on the 4 m Mayall Telescope. The target was observed
in longslit mode, using the blue grism and the E2V CCD. Details about the

individual exposures can be found in Table 6.2. The data were reduced and
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wave calibrated using the standard IRAF packages I previously described in
Chapter 2 (Section 2.4). Flux calibration was carried out using a bolometric

standard star as reference.

6.3.2 Results: Light Curve Fitting

To determine the fractional radii of both the white dwarf and the M-dwarf,
as well as to constrain the inclination of the system, I fitted a model to the
photometric data collected with SHOC (in V' and 2’ bands) and NITES (in
I band) using JKTEBOP (Popper and Etzel, 1981; Etzel, 1981; Nelson and
Davis, 1972; Southworth et al., 2004). Details on this software are described
in Chapter 2 (Section 2.3.1). The photometry obtained from Eulercam was not
suitable for the fitting process, due to the insufficient amount of data points
covering the ingress and egress features.

While running the fitting algorithm, I allowed the fractional radii, the
inclination and the period to vary. Once these parameters were finalised, I let
the Monte Carlo algorithm run to obtain the uncertainties in the fitted param-
eters, creating 10,000 datasets of fake observational data, to which simulated
Gaussian noise was added, and re-fitting the parameters to each dataset. The
final uncertainties were given by the range in parameter value, as explained
in the JKTEBOP website!. While the results from all three fitted light curves
were consistent, the best fit (with a x? value closest to 1) was given by the
V band data, and was therefore chosen to be the best solution to the system.
Figure 6.10 shows the generated best fit models to the three light curves, and

the final parameter values for all three filters are found in table 6.3.

(https:/ /www.astro.keele.ac.uk/jkt /codes /jktebop.html)
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Date Time HJD Phase Exp time Comments
(uT)  (UT) (5

14/10/17 02:27:20 2458040.60463 0.070 1200

14/10/17 02:41:04 2458040.61417 0.087 1200

15/10/17 02:49:50 2458041.62017  0.827 600

15/10/17 03:00:25 2458041.62752  0.840 600

15/10/17 03:27:20 2458041.64621 0.872 600

15/10/17 03:40:14 2458041.65517 (0.888 600

15/10/17 03:52:52 2458041.66394 0.903 600

15/10/17 04:04:16 2458041.67185 0.917 600

15/10/17 04:15:38 2458041.67975  0.930 600

15/10/17 04:26:51 2458041.68754  0.944 600

15/10/17 04:38:18 2458041.69549  0.958 600

15/10/17 04:49:48 2458041.70347 0.971 600

15/10/17 05:08:04 2458041.71616  0.993 600 Eclipse
15/10/17 05:21:05 2458041.72519  0.009 600

15/10/17 05:32:20 2458041.73301  0.023 600

16/10/17 02:17:38 2458042.59772 0.519 1200

16/10/17 02:38:53 2458042.61248 0.544 1200

16/10/17 03:48:27 2458042.66078 0.628 1200

16/10/17 04:09:38 2458042.67549  0.653 1200

16/10/17 04:30:47 2458042.69018 0.679 1200

16/10/17 04:51:40 2458042.70468 0.704 1200

16/10/17 05:20:04  2458042.7244  0.738 1200 Quadrature
16/10/17 05:41:14  2458042.7391  0.763 1200

Table 6.2: Observations taken using KOSMOS on the 4m Mayall Telescope
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Figure 6.10: Light curve fitting of SAAO data in V band (top panel) and 2’
band (bottom panel), and NITES data in I band (middle panel). All three
plots are maintained at the same flux scale to show the difference in eclipse
depth in the different filters. Although only the eclipse is depicted in these
plots, all data points in the light curve were used to determine the flux level.
The residuals for each light curve represent the model fit - the data.
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Parameter \% 1 z
R./a 0.1258240.00029 0.12705£0.0104 0.121434+0.0292
Rwp/a 0.003243+0.00043 0.004264+0.01331 0.0024440.00155
i(°) 83.351+0.034 83.366+0.142 85.173+1.936
X2 1.66 2.28 2.26

Table 6.3: Radial velocity fitting parameters for NOI-101535.

6.3.3 Results: Radial Velocity Measurements

I used MOLLY (details in Chapter 2, Section 2.5) to normalise each spectrum
individually, dividing them by a 10"* order polynomialfitted to the continuum
flux. I then used the ephemeris and orbital period measured from the BATMAN
fit to phase bin the data.

The spectra show a clear emission feature at the HS Balmer line moving
with the M-dwarf, as well as broader and shallower absorption feature at the
same position, moving with the white dwarf. T used MGFIT (as explained
in Chapter 2, Section 2.5.2) to fit two Gaussians to the Hf line: one broad
and shallow varying in position as vy + k; sin(27¢) to the absorption, and one
narrow and sharp moving as Yem + kem Sin(27¢) and with a variable strength of
(1 —cos ¢)/2 (where ¢ is the orbital phase of the system) to the emission. The
resulting fit (Figure 6.11) had a reduced x? value of 0.96. The final k and
values are shown in Table 6.4, while the trailed spectra for the data and model
are shown in Figure 6.12. The large errors on k; and ~; reflect the difficulty
in fitting such a weak absorption feature with data of this quality.

The observed M-dwarf emission line is a result of the star’s surface being
irradiated from the white dwarf flux. Due to it arising from the heated side
of the star facing the white dwarf, this line tracks the centre-of-light of the

emission region, rather than the centre of mass. Therefore, a correction needs
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to be applied to the radial velocity measurement of the line, to shift it to the

centre of mass (Parsons et al., 2017). The correction goes as follows:

Kem

T (61

ks

where Ry/a is the fractional radius of the M-dwarf (see Section 6.3.2 , and f
is a constant between 0 and 1 which depends on the position of the centre of
light (Parsons et al., 2012b). The centre of light is dependent on the optical
depth of the emission. When f = 0, the emission in evenly spread across the
surface of the star, and the centre of line and mass coincide. When f = 1,
the emission flux is completely concentrated on the M-dwart’s surface point
that is closest to the white dwarf. I therefore assumed a value of f = 0.5 (e.g.
Parsons et al., 2012c) and consequently applied the correction.

I subsequently used the radial velocity solutions to calculate the mass

ratio of the system g:

kM,
kem B MWD

q= = 0.6064 = 0.1082 (6.2)

where M, is the mass of the M-dwarf and Mwp is the mass of the white dwarf.
Furthermore, Kepler’s third law can be rearranged to calculate the mass

of the white dwarf as follows (Parsons et al., 2012c):

Pkem(kl + kem)2

M =
WD 277G sin® i

= 0.7069 + 0.1260 M, (6.3)

176



where P is the orbital period, 7 the orbital inclination and G is the gravitational
constant. The inclination is constrained by fitting the light curves, as discussed

in Section 6.3.2.

Parameter Value
Kem 164.9014+2.542 kms™*
k1 99.9934+17.756 kms™!
Yem 19.15541.665 kms "
T 7.802+11.582 kms ™!

Table 6.4: Radial velocity fitting parameters for NOI-101535.
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Figure 6.11: An example of MGFIT model fit to the HS emission and absorp-
tion lines in one of the KOSMOS spectra of NOI-101535.
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6.3.4 Results: M-Dwarf Spectral Type

As previously mentioned, the WiFeS spectra were collected to constrain the
spectral type of the M-dwarf component of this binary system. I used a sim-
ilar method to that described in Chapter 5 (Section 5.2.3), i.e. by combining
white dwarf and M-dwarf spectra, after normalising them to the same mag-
nitude scale. However, in this case there was no previous estimate for the
white dwarf effective temperature and gravity. For this reason, I assumed
a logg of 8.0 (corresponding to the mass of an average white dwarf), and
then I used three estimates for the white dwarf temperature (7000, 7500 and
8000 K respectively). The temperature range was estimated based on SDSS
J121010.1+334722.9 (Pyrzas et al., 2012), in which the white dwarf has a tem-
perature of ~6000 K. I matched the three model spectra from Koester (2010)
to the corresponding absolute magnitudes from Holberg and Bergeron (2006)
and Tremblay et al. (2011). I then repeated the procedure for a few M-dwarf
spectral type (M3, M4, M5 and M6), sourcing the averaged template spectra
from Bochanski et al. (2007). The absolute magnitudes were calculated us-
ing apparent magnitudes and Gaia parallaxes of M-dwarf standards listed the
SpeX Prism Spectral libraries?.

Once normalised to the absolute magnitudes, the model white dwarf and
the M-dwarf template spectra were interpolated to fall on the same wavelength
scale. Subsequently, each white dwarf model was combined to the template
M-dwarfs. This was done taking into account that, as estimated from the light
curve fits, the white dwarf only contributes ~5% to the light of the system at

redder wavelengths (I and 2’ filters).

Zhttp://pono.ucsd.edu/ adam/browndwarfs/spexprism/
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I compared each of the three generated white dwarf + M-dwarf models
to the observed WiFeS spectra to establish the spectral class of the M-dwarf
companion, as well as to estimate (to 500 K) the most likely temperature for
the white dwarf.

Figures 6.13, 6.14 and 6.15 show that the most likely spectral type
of the M-dwarf component is M4. While all three white dwarf temperature
choices seem to agree with our observed data, the best fit model was yet to
be determined. To do so, I combined the three white dwarf spectra only with
the template spectrum of an M4 dwarf, and then compared these three new
models to the observed WiFeS spectrum, to refine the effective temperature
of the white dwarf. As Figure 6.16 reveals, the best fit is given by a white
dwarf of log g = 8 and Tz = 7500 K. However, this is only an estimate, as the

spectrum is heavily dominated by the redder companion to the white dwarf.

6.3.5 Results: Final Parameters

Once the fractional radii and inclination were determined, I used equation 6.3
to calculate the mass of the white dwarf. Consequently, the mass of the M-
dwarf companion was measured from the mass ratio ¢ of the system. The radial
velocities of the two components were used to find the sum of the unprojected

orbital speeds, defined as:

o kl + kem
~ sing

Vs (6.4)

Hence, the orbital separation a was calculated to be (Parsons et al., 2012c):
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Figure 6.13: WiFeS spectrum and SkyMapper ugriz photometry compared to
the combined SED of a T,z = 7000 K and log g = 8 white dwarf and multiple
M-dwartf type spectra. The data best fits with an M4 spectral type.
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Figure 6.14: WiFeS spectrum and SkyMapper ugriz photometry compared to
the combined SED of a T = 7500 K and log g = 8 white dwarf and multiple
M-dwartf type spectra. The data best fits with an M4 spectral type.
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Figure 6.15: WiFeS spectrum and SkyMapper ugriz photometry compared to
the combined SED of a T = 8000 K and log g = 8 white dwarf and multiple
M-dwartf type spectra. The data best fits with an M4 spectral type.
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Figure 6.16: WiFeS spectrum and SkyMapper ugriz photometry compared to
the combined SEDs of an M4 dwarf with white dwarfs spectra of Tz = 8000 K
(top), Teg = 7500 K (middle) and Teg = 7000 K (bottom). The data best fits
with a Teg = 7500 K and log g = 8 white dwarf.
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i + ko) P
a=Vop o bt hen) (6.5)

2T 27 sin?

Once the orbital separation was known, the white dwarf and M-dwarf radii
(Rwp and R, respectively) were extrapolated from the fractional radius val-

ues. The resulting final masses and radii are shown in table 6.5.

Parameter Value
R. (Rg) 0.3834+0.068
Rwp (Re)  0.0099+0.0022
M. (Mg)  0.4286+0.1081
Mwp (Mg) 0.7069+0.1260
a (Rg) 3.0472+0.543

Table 6.5: Calculated masses, radii and orbital separation for the NOI-101535
system components.

With the white dwarf physical parameters constrained, I used the fol-
lowing equation to obtain an estimate of the white dwarf’s gravitational red-

shift:

z = 0.635(]\]{?3) (}fQ ) kms ™! (6.6)
O] WD

where WD and Rwp are the mass and radius of the white dwarf respectively.
Through this method, I obtained a value of z = 44.714412.964 kms~!. This is
consistent with the Fontaine et al. (2001) evolutionary models, which predict
a gravitational redshift of z = 41.3 kms™! for a Ty = 7500 K and log g = 8.21

(0.708 M) white dwarf. Another method for calculating the white dwarf’s
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gravitational redshift consists of calculating the difference between the ~ ve-

locities of the system. Through this method, I obtained a z value of:

2= Yem — 71 = 11.353 & 11.701 kms " (6.7)

This is inconsistent, within the errors, with the value obtained through
equation 6.6. Assuming normal distributions for both calculated z values, us-
ing the Student’s t-test I find a p-value of 0.0001, which makes the difference
between the two calculations extremely significant. However, this inconsis-
tency is most likely due to the large errors on the radial velocity fit to the

white dwarf absorption line.

6.3.6 Discussion

The white dwarf radius obtained from JKTEBOP is in agreement with the
Fontaine et al. (2001) evolutionary models, which predict Rywp = 0.0109 R,
Moreover, I compared the resulting white dwarf mass and radius to the theo-
retical mass-radius tracks from Renedo et al. (2010), as shown in Figure 6.17.
The results shown in table 6.5 are consistent with the models. The large errors
on the mass are due to the radial velocity fit to the white dwarf absorption
line, which is dominated by the M-dwarf absorption and barely visible.
Figure 6.18 shows the mass-radius plot for the M-dwarf in NOI-101535.
In the plot, the solid and dashed lines represent isochrones for low mass stars
from Baraffe et al. (2015). The age of the M-dwarf was estimated from West
et al. (2008), who provide timescales for different M-dwarf classes to be active.
In particular, they find an activity lifetime for an M4 dwarf of 4.5+%3 Gyr.

Due to the lack of metal emission lines in NOI-101535 spectra, and the lack of
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flares in the light curves, the M-dwarf is assumed to not be active, hence older
than the age cited above. To this first estimate, one needs to add the predicted
age of the white dwarf, which results to be 1.837 Gyr (Fontaine et al., 2001).

I therefore used isochrone tracks of 5 and 8 Gyrs in Figure 6.18.
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Figure 6.17: Mass-radius plot for the white dwarf component in NOI-101535.
The black solid, dashed and dotted lines represent tracks from Renedo et al.
(2010) for a Teg =7500 K, Ty =5000 K and Ter =3000 K white dwarf respec-
tively.

6.3.7 Summary

In summary, following the NGTS discovery of NOI-101535 I used photometric

and spectroscopic data to constrain the masses and radii of this old, cool
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Figure 6.18: Mass-radius plot for the M-dwarf component in NOI-101535.
The black solid and dashed lines represent the 8 Gyr and 5 Gyr isochrones
respectively from Baraffe et al. (2015). The blue star-shaped data point shows
the M dwarf in SDSS 0138-0016 (Parsons et al., 2012a), the only WD + M-
dwarf systems in which the white dwarf has a temperature cooler than 4000 K.
The black error bars represent other M-dwarfs in eclipsing PCEBs from Pyrzas
et al. (2012); Parsons et al. (2012¢,b) and Beatty et al. (2007). Finally, the
green error bars show M-dwarfs in double M-dwarf binaries from Leinert et al.
(1990) and Wilson et al. (2017)
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PCEB system. From the combined SED, I estimated the temperature of the
white dwarf to be Teg ~ 7500 K. From spectral and photometric analysis, I
measured the white dwarf to have a mass of 0.7069+0.1260 M, and a radius
of 0.0099£0.0022 Re. These values are consistent with Fontaine et al. (2001)
evolutionary models, and with a cooling age of 1.837 Gyr.

I compared the collected spectra to combined SEDs of a white dwarf and
several types of M-dwarf, finding the most likely to be an M4. The measured
mass and radius for the secondary component in NOI-101535 were estimated
to be 0.4286+0.1081 Mg 0.3834£0.068 R respectively. These were found to

be in good agreement with Baraffe et al. (2015) models for a ~8 Gyr M-dwarf.

6.4 NOI-103465

6.4.1 Optical Observations
NGTS Photometry

NOI-103465 is the second post common envelope binary system discovered
in NGTS. It was observed as part of the survey between 16 August 2017
and 18 March 2018, for a total of 204,154 images. The images were reduced
using the stardard pipeline described in section 6.1.3 (Wheatley et al., 2018).
Similar to NOI-101535, the light curve shows a sharp eclipse feature lacking
the characteristic ingress and egress features produced by planetary transit
(Figure 6.19). This time however, the eclipse shows a depth of ~4%, with a
duration of ~25 minutes and a period of 0.60784 days (=14.6 hours). Table

6.6 shows a list of astrometric and photometric properties for the system.
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Property Value Source

Astrometric Properties

R.A. 04:52:33.43 2MASS
Dec -36:32:12.0 2MASS
2MASS I.D. J04523343-3632120 2MASS
Gaia source 1.D. 4818744300120317440 Gaia DR2
pr.A. (masy™t) 70.082+0.032 Gaia DR2
UDec. (masy™t) 152.890+0.037 Gaia DR2
parallax (mas) 13.238240.0208 Gaia DR2
Photometric Properties

u (mag) 16.082+0.016 SkyMapper
v (mag) 15.93440.023 SkyMapper
g (mag) 14.68440.011 SkyMapper
r (mag) 14.03640.004 SkyMapper
i (mag) 12.94040.007 SkyMapper
z (mag) 12.496+0.005 SkyMapper
G (mag) 13.668140.0004 Gaia DR2
NGTS (mag) 11.17£0.01 this work
J (mag) 11.21140.023 9MASS
H (mag) 10.608-£0.022 2MASS
K (mag) 10.3830.019 OMASS
Derived Properties

TO0 (HJD) 2457982.104666984+0.0000102 NGTS BATMAN fit
P (days) 0.607939334-0.0000000105 NGTS BATMAN fit

2MASS (Skrutskie et al., 2006); SkyMapper (Wolf et al., 2018);
Gaia DR2 (Gaia Collaboration et al., 2018b)

Table 6.6: Stellar Properties for NOI-103465
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Follow-up Photometry: SHOC

As for NOI-101535, follow up photometry was required in order to constrain
the parameters of the two components of this PCEB system. I therefore col-
lected photometric data covering the primary eclipse using the SHOC instru-
ment mounted on the 1.0 m telescope at SAAQO. Data were collected in I band
and V band, on the nights of 3 and 9 October 2018 respectively. In the I band,
I collected a total of 550 exposures, with an expsure time of 20 seconds. In the
V band, I collected a total of 525 exposures, with an integration time of 30 sec-
onds. I reduced and calibrated the data using the standard SHOC reduction
pipeline, and then performed aperture photometry, and used one comparison
star in the field of view to conduct differential photometry. Details on this

method are described in Chapter 2, Section 2.1. Figures 6.20 and 6.21 show
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Figure 6.19: NGTS light curve for NOI-103465. The top panel shows the
initial BLS fitting (green line).
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the normalised SHOC light curves. The [ band light curve shows a gradual
brightening after the transit, hinting to a reflection effect in the system. This
reflection effect is also seen in the NGTS phase folded data, as shown in figure
6.22.

Moreover, the V' band light curve shows a clear flare feature shortly

before the eclipse, which indicates the main sequence (MS) companion is still

active.
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Figure 6.20: SHOC light curve for NOI-103465 in I band.
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Follow-up Photometry: Eulercam

Additional photometric data was collected with the 1.2 m Swiss Euler telescope
+ Eulercam, at the La Silla Observatory. Observations were carried out by
Helen Giles, on the night of November 21, 2018. A total of 93 exposures in the
R band were collected. The starting exposure time was 10 seconds, however
it was incremented to 90 seconds as the observation progressed to achieve a
suitable signal-to-noise ratio.

The data were reduced by Oliver Turner using the ‘ePipe’ pipeline de-
veloped by Sergi Blanco-Cuaresma (e.g. Roelens et al., 2016). An aperture
radius of 9 pixels was chosen to perform aperture photometry on the target
and four comparison stars, which were then employed in differential photom-
etry. Figure 6.23 shows the final, normalised Eulercam light curve. Similar
to the V band SHOC data, there appears to be a flare feature occurring just

after the transit.

Follow-up Spectroscopy: SpUpNIC

Time-resolved spectroscopic data is of vital importance to determine the radial
velocity variations and hence the masses of he components of this binary sys-
tem. I therefore observed NOI-103465 with the Spectrograph Upgrade: Newly
Improved Cassegrain (SpUpNIC, Crause et al., 2016) instrument, mounted on
the 1.9 m telescope at SAAO. I observed the target over the course of 5 nights
between 5 and 9 April, 2019. I used Grating 4, which offers a wavelength
range between ~3800—5150 A and a medium resolution of 2500. I used the
standard IRAF tools (described in Chapter 2, section 2.4) to perform bias and

flat correction on all the spectra. The spectra were then wavelength calibrated
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Figure 6.23: Eulercam light curve for NOI-103465 in R band. Just after the
eclipse, a flare feature is visible, indicating activity in the MS star’s atmo-

sphere.

196



using arcs from SpUpNIC’s CuAr lamp, and flux calibrated using the standard

star Hiltner 600. Table 6.7 shows detailed information about each exposure.

Date Time HJD Exp Time Phase

(UT) (UT) (s)
05/04/19 17:29:47 2458579.224770526 900 0.13436
05/04/19 17:45:31 2458579.235696094 900 0.15233
05/04/19 18:17:20 2458579.257790994 900 0.18867
06/04/19 17:49:38 2458580.238577272 900 0.80197
06/04/19 18:06:41 2458580.250425796 900 0.82146
06/04/19 18:22:26 2458580.261358993 900 0.83944
07/04/19 18:48:23 2458581.279408152 900 0.51403
08/04/19 18:14:21 2458582.255787817 900 0.12008
09/04/19 17:13:21 2458583.213456937 900 0.69535
09/04/19 17:30:35 2458583.225428000 900 0.71504
09/04/19 17:46:38 2458583.236566624 900 0.73336
09/04/19 18:02:22 2458583.247496871 900 0.75134

Table 6.7: Observations taken using SpUpNIC on the 1.0 m SAAO telescope.

6.4.2 Results: Radial Velocity Measurements

I used MOLLY (details in Chapter 2, Section 2.4), to normalise each spectrum
by fitting and then dividing the continuum flux by a 10*" degree polynomial.
I then used the system’s ephemeris and orbital period to phase bin the data.

Contrary to NOI-101535, the white dwarf’s absorption features at the
Balmer lines is quite prominent, thus suggesting that this system is hotter and
younger than the latter. This is also confirmed by the flaring activity on the
MS star’s photosphere.

To obtain radial velocity solutions for both components of NOI-103465,

I used MGFIT to fit two Gaussian functions to the H~ absorption line, as
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Figure 6.24: One of the SpUpNIC spectra collected at SAAO. Prominent broad
absorption features related to the white dwarf can be observed at HE, Hy, Hé
and He, as well as narrow emission lines at the same wavelegths, related to

the active main sequence companion.
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well as a single, narrow Gaussian function to the emission feature at the same
wavelength (Figure 6.25). The white dwarf Gaussians were assumed to vary
as 71 + ki sin(27¢), while the MS companion model emission was allowed to
vary in position as Yem + kem sin(27¢), and in strength as (1 — cos ¢)/2, where
¢ is the orbital phase of the system. The resulting trailed spectra for the data,
model and residuals to the fit are shown in Figure 6.26. The final fit had a
reduced x? value of 1.03, and the resulting values for the k and v velocities
are listed in table 6.8.

Subsequently, I used Equation 6.2 to calculate the mass ratio of the

system, which resulted to be ¢ = 1.2344 4 0.0494.

Parameter Value
kem 136.758+2.297 kms—!
ki 168.815+9.896 kms—!
Yem 76.0624+1.898 kms™*
" 120.835+8.691 kms™!

Table 6.8: Radial velocity fitting parameters for NOI-103465.
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Figure 6.25: An example of model fit performed by MGFIT to the Hy emission

and absorption lines in one of the spectra of NOI-103465 collected at SAAQO.
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6.4.3 Results: White Dwarf Parameters

While contaminated by the brighter MS companion, the spectra collected at
SAAOQO show the HB, Hv, H) and He Balmer absorption lines belonging to the
white dwarf spectrum. These features were fitted with a pure-hydrogen Non-
Local Thermal Equilibrium (NLTE) model by my collaborator Simon Joyce,
in order to obtain an estimate for the white dwarf T.g and log g.

The stellar models were generated with TLUSTY (Hubeny and Lanz,
1995), and the resulting spectral models were calculated using the SYNSPEC
software (Hubeny and Lanz, 2017).

While the depth and broadness of the lines are mainly dependent on the
white dwart’s Teg and log g, there are many other factors that could influence
the shape of the lines. Therefore, the results shown below are only to be
treated as an estimate at this stage.

The fitting was carried out in XSPEC (Arnaud, 1996), which uses x>
minimisation to find the best fit to the data. The MS companion affects the
slope of the continuum, and since its effect had not been modelled at the time
of fitting, the best option was to fit the normalised spectra earlier obtained
from MoOLLY. This improved the overall fit, but there still appeared to be a
residual slope at longer wavelengths. Due to this, the HZ and H~ lines were
not suitable for fitting with a pure-hydrogen model. Therefore, the fitting was
only applied to the sampled Balmer lines at shorter wavelengths. Lastly, the
emission features from the MS companion had to be removed, affecting the
core of the absorption features that were being modelled.

Out of the 5 fitted spectra, three returned a logg of ~8.5 and the

fourth showed a slightly lower solution (logg ~ 8.4). The last one returned
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a much lower value of 7.78, which appeared to be inconsistent with the rest
of the results but did not show any obvious problems with the spectrum. All
spectra returned temperatures between 18,000 and 19,000 K. An example of

the spectral line fitting is shown in Figure 6.27.
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Figure 6.27: An example of model fit performed through XSPEC to the Hy and
He absorption lines in one of the spectra of NOI-103465 collected at SAAO.
This fit estimated a Teg and log g of 18,000 K and 8.48 respectively.
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6.4.4 Results: Light Curve Fitting

In a similar way to NOI-101535, I used JKTEBOP (Popper and Etzel, 1981;
Etzel, 1981; Nelson and Davis, 1972; Southworth et al., 2004) to find the best
fitting model to the SHOC light curves (in V' and I bands) and the Eulercam
light curve in R band, as described in Chapter 2 (Section 2.3.1).

As the light curves (particularly the SHOC I band, Figure 6.20) showed
evidence of reflection effects, upon running the algoritm I allowed the two frac-
tional radii, the inclination of the system and the reflection coefficients to vary.
I used linear limb darkening parameters from Gianninas et al. (2013) for the
white dwarf and Claret and Hauschildt (2003) for the MS star. Once the best
solution for these values was determined, I ran the Monte Carlo algorithm to
obtain the robust uncertainties of the fitted parameters. Being the only light
curve lacking flare acrivity, the most reliable solution was obtained from the I
band data (with a x? value of 2.11), and was thus selected as the final solution
to the system’s parameters. Figure 6.28 shows the best fit models generated
by JKTEBOP for the three light curves, while the final values for the fractional

radii and inclination are found in table 6.9.

Parameter Value
R./a 0.2804+0.0003
Rwp/a 0.0022640.0003
i(°) 74.60740.022

Table 6.9: Radial velocity fitting parameters for NOI-101535.
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under each light curve represent the difference between the model fit and the
data.
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6.4.5 Results: Final Parameters

Once the fractional radii and inclination of the system were determined, I
used equation 6.3 to calculate the mass of the white dwarf. The mass was
consequently used to determine the mass of the companion from the mass
ratio ¢. I then used equations 6.4 and 6.5 to measure the orbital separation of
the system, and hence the radii of both stellar components. The final solution
for the masses and radii is shown in table 6.10.

Knowing the mass and radius of the white dwarf, I obtained a precise
measurement of the star’s gravitational redshift using equation 6.6. Through
this method, I obtained a value of z = 66.213 £ 10.868 kms~!, which is in
agreement with Fontaine et al. (2001) evolutionary models, predicting a value
of 65.0 kms™!. The white dwarf’s gravitational redshift was also calculated
from equation 6.7 and resulted to be z = 44.773 £ 8.896 kms~!. The inconsis-
tency with the measured redshift from the difference in the v velocities may

be due to the larger uncertainty in the absorption feature fit.

Parameter Value
R, (Ro)  1.068240.065
Rwp (Re) 0.0086+0.0013
M, (Mg)  1.107+0.098
Mwp (Mg)  0.8973+0.0547
a(Rg)  3.8096+ 0.232

Table 6.10: Calculated masses, radii and orbital separation for the NOI-101535
system components.

206



6.4.6 Discussion

The white dwarf mass in in good agreement with the solution obtained through
fitting the absorption lines. At Teg = 18,000 K, a log g value of 8.5 corresponds
to a mass of 0.910 Mg, which is consistent with the value estimated from
radial velocity measurements. Moreover, the white dwarf evolutionary tracks
by Fontaine et al. (2001) predict a white dwarf radius of 0.0089 Mg, which is
again in perfect agreement with my findings.

The final parameters for the MS companion identify it as a solar type
star (of spectral type G). However, this is inconsistent with the spectral data
obtained at SAAO. A G-type star is on average 10% times brighter than a
white dwarf, hence the spectral energy distribution of the system should be
dominated by the MS star, and the white dwarf’s absorption features should
not be visible.

Further confirmation of this inconsistency is given by Gaia data. The
mean Gaia magnitude for the system is 13.6681 (Table 6.6), and its colour
(given by the difference between the Gaia BP and RP magnitudes) has a
value of 1.975 mag. Using the parallax information from Gaia (Gaia Collab-
oration et al., 2018b), the absolute mean magnitude of the system was found
to be 9.277 mag. 1 used the cooling model tables for hydrogen-rich white
dwarfs® (Holberg and Bergeron, 2006) to obtain absolute Gaia magnitudes for
a Teg =18000 K, log g = 8.5 model white dwarf. These were then subtracted
from the absolute magnitude and colour of the system, in order to find the
lumnosity and colour contribution of the MS star alone, without contamina-

tion from the white dwarf. The MS star in this system has a mean Gaia

3http://www.astro.umontreal.ca/ bergeron/CoolingModels
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magnitude of ~9.382 and a BP-RP colour of ~2.21. Comparing these values
to the Gaia Hertzsprung-Russell (HR) Diagram (Figure 6.29, Gaia Collabora-
tion et al., 2018a), the MS star in the NOI-103465 system should be of spectral
class late-K or early-M.

It is uncertain what the nature of this inconsistency is. One possible
explanation for the high value of the MS star’s mass obtained in my results
could be given by mass transfer in the system. Each of the stars in the the
system is surrounded by an area of gravitational dominance known as the
Roche lobe. When one of the stars exceeds the lobe, it will start transferring
mass to its companion, in a process known as Roche lobe overflow (Paczyniski,
1971; Eggleton, 1983). A first calculation of the size of a star’s Roche lobe was
given by Eggleton (1983). This was later improved by Breedt et al. (2012),
who measured it to be:

Ry 0.512640-7388

o 0.6710¢%7349 + In(1 + ¢0-3983) (6.8)

where ¢ is the mass ratio of the system and a is the orbital separation. Using
the values found in this work, I obtained a Roche lobe size of 1.5+0.13 Re.
Comparing this value to the radius of the MS star, it can be estimated that the
the star is filling ~70% of its lobe. Mass transfer is therefore not occurring at
this stage, and it cannot be responsible for the large, solar-type mass obtained
through the radial velocity solution.

On the other hand, the larger radius of the MS star obtained through
fitting light curves with JKTEBOP may be a result of the star being distorted

by the gravity of the white dwarf. Oblateness of a star is defined as percentage
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difference between its equatorial radius (where the star is largest) and its polar
radius (where the star would be smallest), as shown in equation 6.9.
Req — Rpol

Obl = —

> (6.9)

Therefore, a perfectly spherical star would have an oblateness value of 0. In
NOI-103465, the MS component has an oblateness of 0.0394. As the equatorial
radius is 1.068240.065 R, the polar radius would be 1.02614+0.083 Rs. This
is still consistent with a G-type main sequence star.

Future steps that may help constrain the real parameters of this sys-
tem involve more spectroscopic and photometric observations. First of all,
collecting data of the secondary eclipse (if at all present) will provide a better
measurement of the radii of both companions. Spectra encompassing a wider
range of wavelengths in the optical and near-infrared will help constrain the
spectral type of the secondary star in this system. And finally, higher resolu-
tion spectra of the Balmer hydrogen lines will help refine the radial velocity

solution, providing a better measurement for the masses of the two stars.

6.4.7 Summary

Compared to NOI-101535, NOI-103465 is a much younger and hotter PCEB
system. Based on the follow-up data collected at SAAQO, the white dwarf ap-
pears to be rather massive (0.89734+0.0547 M), with an estimated effective
temperature of ~18,000 K. Based on its Gaia luminosity and colour, the MS
companion to the white dwarf should be a late-K or early-M dwarf. However,

the solution obtained from the presented data is inconsistent with this infor-
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mation, identifying the star as a solar-type G-dwarf. This is inconsistent with
the observed spectral profile. I explored a few possible explanations to this
inconsistency, such as Roche-lobe overflow and stellar oblateness, but none of
these helped explain the observed results.

Therefore, at the time of writing this thesis, the work on this object is
still in progress. Higher resolution spectra may be required to refine the radial
velocity solutions for both objects in the binary. A spectrum encompassing
redder wavelengths (both optical and near-infrared) will allow a better spectral
type classification for the MS component. And finally, photometric follow-up
data of both the primary and secondary eclipses (thus encompassing a whole

orbital phase) will provide a more accurate measurement of the radii.
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Chapter 7

Conclusions and Future

Applications

This last chapter is aimed at summarising the work presented in this thesis.
In Chapter 1 I introduced the properties of white dwarfs, and explored the
possibility of them being the hosts of planetary system remnants. The main
aim of this work was to search for eclipse-like events in the light curves of
white dwarfs. The sample of white dwarfs stars were observed as part of three
main surveys, using both ground- and space- based instruments.

In Chapter 2 I described the main techniques involved in the reduction
and analysis processes performed on the collected data. While photometric
data were the preferred form of detection, follow-up analysis involved searching
for radial velocity variations in the spectral lines of the stars. I therefore dis-
cussed the method of extracting and calibrating light curves through aperture
and differential photometry, as well as the method of extracting, calibrating
and analysing spectra.

Below is a summary of the results of my work, as well as brief a discus-
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sion about the further steps to be taken for a more complete analysis.

7.1 Chapter 3: The SAAO DAZ Survey

In 2015, the first confirmed eclipsing planetesimal around a white dwarf was
discovered, orbiting WD1145+017 (Vanderburg et al., 2015). The star is a
known metal-polluted white dwarf, as well as the host of a debris disc. Follow-
ing this discovery, I dedicated part of my research time to collecting time-series
photometry of a sample of 49 metal polluted white dwarfs, in search for sim-
ilar transit-like events. The data were collected using SHOC, an instrument
mounted on the 1.0 m telescope at SAAQ, over the course on approximately
three years.

After extracting the light curves and calibrating them through differen-
tial photometry and airmass correction, none of the sampled objects displayed
eclipse-like features. This was highly dependent on the limitations of the ob-
serving window, as well as on the low probability of detecting a transit around
a white dwarf. However, the results of this survey provide an upper limit
on the frequency of transiting planetesimals around metal-rich white dwarfs.
The probability of detecting a transit around a white dwarf could be increased
by modifying the design of the experiment. Increasing the observing win-
dow length would allow better sampling of longer orbital periods, as well as
increasing the chance of detecting systems with short (< 5 hours) periods.

However, two white dwarfs in the survey displayed evidence of sinusoidal
variability in their light curves. The first of these objects is SDSS J1617+1620,
a metal rich white dwarf with a known gas and dust disc, as well as a strong

Ca II variable emission feature in its spectrum. The spectroscopic variability
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was first discovered by (Wilson et al., 2014), who suggested it could be due to
a disrupting planetary remnant interacting with the circumstellar disc.
Following the discovery of the star’s photometric variation, I collected
follow-up photometric data at SAAO to confirm its periodicity. However, the
repeatedly adverse weather conditions at SAAO impared the observations,
both in length and in quality, preventing the detection of the periodicity over

the scatter in the data.

7.1.1 Future Work

Future analysis of SDSS J1617+1620 requires the collection of time-resolved
spectroscopic data to search for variations in the radial velocity of the star,
which would indicate the presence of a companion. I proposed an observation
of at least three full orbits at the William Herschel Telescope in La Palma.
I was awarded observing time through the service queue in December 2017.
At the time of writing this (August 2019), only part of the observations have
been carried out.

Upon obtaining the data, I will use the MOLLY software to search for
radial velocity variations, using both the balmer lines and the Ca II emission
lines (e.g. Manser et al., 2019). This will confirm whether the nature of the

variability is due to an unseen sub-stellar companion/remnant.

7.2 Chapter 4: WD1201-049

In this chapter, I discussed the second variable object I discovered in the pho-
tometric survey of metal-rich white dwarfs I conducted at SAAQO. The star was

first identified as a metal rich, hot DAOZ by Gianninas et al. (2010), showing
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variabile C IV lines in its spectra. No previous indication of photometric vari-
ability had been documented, however the SAAO light curve showed a clear
sinusoidal modulation with a peak-to-peak amplitude of ~2% and a period of
~3.5 hours.

I collected time-resolved spectra using SpUpNIC (mounted on the 1.9 m
telescope at SAAQ) and follow-up photometry in I band with SHOC, in order
to establish whether the observed variability was due to an unseen companion
orbiting the white dwarf. Spectral analysis revealed no variations in the radial
velocity of the star, and the I band light curved did not show any sign of
photometric variability. Lastly, no infra-red excess was detected in the spectral
energy distribution of the star. For these reasons, the possibility of an unseen
companion was ruled out.

The most likely explanation for the observed, non-persistent variability
of the system is an inhomogeneous flow of circumstellar material accreting on
the white dwarf, causing spots onto the stellar photosphere which will appear
as a sinusoidal variation as the star rotates. However a new likely scenario
arised from the recent discovery of a second system in which a white dwarf
is eclipsed by a cloud of disrupting rocky material. Unlike WD11454-017, the
transits last ~25 days and occur every ~110 day. The detected variability in
the light curve of WD1201-049 may therefore be due to an irregularly shaped

transit caused by circumstellar material, over large timescales.

7.2.1 Future Work

The conclusions mentioned above can only be confirmed by extensive photo-

metric monitoring over the span of several weeks (when searching for other
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transit-like events) or years (when monitoring the inhomogeneous accretion
episodes). Variability due to the accretion of materials would manifest itself
mostly in the UV and bluer optical wavelengths, so photometric observations
should be carried out in both UV and optical filters. The C IV line was shown
to decrease in strength over the course of ~6 years (Gianninas et al., 2010),
suggesting that, if present, the inhomogeneous accretion occurs over relatively
short timescales. The spectra collected at SAAO did not offer sufficient reso-
lution to detect the C IV line, therefore I could not determine whether it was
present. Hence, future observations should involve high resolution spectrospy

to monitor the activity of this metal absorption feature.

7.3 Chapter 5: WD1032+011, a New WD+BD
system

Alongside my SAAO survey, I took part in the analysis of white dwarfs ob-
served in Kepler K2 Campaign 14. In the data, I discovered the third known
eclipsing system involving a brown dwarf orbiting a white dwarf. These sys-
tems offer a unique opportunity to study the physical characteristics of brown
dwarfs.

My collaborators to this project used FORS spectra to determine the
effective temperature and surface gravity of the white dwarf, which were founc
to be Teg = 10196 4 235 K and logg = 7.81 £ 0.07. Moreover, they deter-
mined the inclination of the system, as well as the fractional radii and the
mass ratio of the white dwarf and its companion through fitting a model to

ULTRACAM u'¢g'r'" light curves of the primary eclipse. Using MOLLY on the
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GMOS spectra, I found the best solution for the white dwarf’s radial velocity,
k = 48.8 + 2.64 kms~'. This was used, combined with the inclination, frac-
tional radii and white dwarf mass, to determine the mass and radius of the
brown dwarf (Mgp = 0.0708 + 0.0053 My and Rpp = 0.1086 4+ 0.0099 R,
respectively). Lastly, I generated template spectra for a white dwarf with the
same logg and T as WD10324-011 combined with brown dwarf compan-
ions of different spectral types. I then matched the GNIRS spectrum to these
models to determine the most likely spectral type of the brown dwarf. This

resulted to be L5, as already predicted by Steele et al. (2011).

7.3.1 Future Work

The work on this particular system is mostly complete, however there is still a
slight inconsistency with the final mass and radius of the brown dwarf. To solve
this, the white dwarf’s Balmer absorption lines will be fit again, this time using
UV photometric data to obtain a better estimate of the extinction affecting the
system. Nonetheless, in the era of large scale surveys searching for exoplanets
such as TESS and NGTS, more of these systems could be discovered and
constrained, helping populate the brown dwarf desert. Moreover, close systems
such as WD10324-011 allow us to constrain the age of the brown dwarf from

knowing the white dwarf’s age, and hence to use these as benchmark objects.

7.4 Chapter 6: NOI-101535 and NOI-103465

The Next Generation Transit Survey (NGTS) has the primary goal of finding
new transiting planets around low-mass main sequence stars. However, its

short exposure time and its observing strategy allow the disovery of other
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types of systems. In Chapter 6, I presented the discovery of two new PCEB

systems in NGTS.

7.4.1 NOI-101535

NOI-101535 is an old system, consisting of a cool (Tes &~ 7500 K) white dwarf
in a ~0.578 day orbit with an M4 dwarf. The spectral type of the M-dwarf was
determined by comparing the system’s spectrum to combined SEDs of a white
dwarf and multiple types of M-dwarfs. I used the emission (from the M-dwarf)
and absorption (from the white dwarf) features at HS to find radial velocity
solutions for both components of the system, which provided estimates for
their masses. I then found the best fit model to the system’s light curve to
measure the individual radii.

The final parameters for the white dwarf resulted in a mass of 0.7069
+0.1260 My and a radius of 0.0099£0.022 R,. These values are in good
agreement with Fontaine et al. (2001) white dwarf evolutionary models.

The M-dwarf companion’s final mass and radius were measured to be
0.428640.1081 M, and 0.3834+0.068 R, respectively. These are consistent
with Baraffe et al. (2015) mass-radius models for an ~8 Gyr M-dwarf. The
age of the star was estimated taking into account the age of the white dwarf

(1.897 Gyrs, Fontaine et al., 2001) and the lifetime of its progenitor star.

7.4.2 NOI-103465

NOI-103465 is a much younger binary system. First estimates of the white
dwarf’s temperature and mass were obtained through fitting the Balmer ab-

sorption lines with model spectra, and resulted to be ~18,000 K and ~0.9 M
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respectively. The mass of the white dwarf was confirmed though fitting the H~y
absorption line in the spectra collected at SAAQO, and the radius was measured
(from fitting the primary eclipse light curves) to be 0.0086+0.0013 R, which
is consistent with the Fontaine et al. (2001) evolutionary models.

While the parameters obtained for the white dwarf were in perfect agree-
ment with models, the final solution for the MS component of the system was
not in agreement with expectations. Based on the object’s Gaia absolute
magnitude and colour, the star’s most likely spectral type is late-K or early-
M. However, the parameters obtained from fitting the light curves and spectra
indicate a star with mass 1.10740.098 M, and radius 1.0682+0.065 R, which
indicates a G spectral type. This inconsistency is not due to Roche-lobe over-

flow or stellar oblateness, and at this stage remains uncertain.

7.4.3 Future Work

The work on NOI-101535 is mostly completed, and the findings presented in
this work are in the process of being submitted as a journal article. NOI-
103465 is still in the process of being studied, and will require additional data
in order to verify the source of the inconsistency in the results presented in
this work. Additional photometric data - including the secondary eclipse of
the system - is required in order to obtain a more accurate measurement of the
individual radii. Moreover, obtaining higher resolution spectra of the Balmer
lines will result in a more refined radial velocity solution for both the white
dwarf and the MS star, constraining the masses to a higher precision. Finally,
obtaining a spectrum encompassing optical and near-infrared wavelengths will

allow an accurate classification of the spectral type of the MS companion.
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7.5 Final Remarks

The main aim of this work was focussed on the search for eclipse-like events
in the light curves of white dwarf stars, in order to constrain the properties of
evolved planetary systems.

To date, only two white dwarfs (Vanderburg et al., 2015; Vanderbosch
et al., 2019) are known to host eclipsing planetary material. Both stars show
evidence of metals in their spectra, however the properties of these systems
(orbital periods, length of the transits, depth of the transits) are extremely
different. This shows that these events may be rare, but also very different from
one another. The survey I presented in Chapter 3 was designed to find eclipsing
bodies at short orbital separations (~few hours) from their host white dwarf.
Hence, the results only provide an upper limit for the frequency of eclipsing
planetesimals in systems similar to WD1145+017. Longer observing windows
over an extended period of time may help constrain the frequency of all kinds
of evolved planetary systems around metal-polluted white dwarfs. Moreover,
one of the white dwarfs in the sample was found to host a planetesimal without
being eclipsed by it or causing any other photometric variability (Manser et al.,
2019). This shows that while not all white dwarfs may be the hosts of planetary
remnants, some may be in systems that cannot be photometrically detected.

Nevertheless, high-cadence photometric surveys, such as the one pre-
sented in this work, also offer an opportunity to find other forms of variability
in the light curves of white dwarfs, which can be due to other factors, such as
accretion (see Chapter 4).

Finally, eclipse-like features in the light curves of white dwarfs can be

caused by other objects such as brown dwarfs (Chapter 5) and main sequence
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stars (Chapter 6). Brown dwarfs eclipsing white dwarfs are a rare occurrence.
This is due to the apparent lack of these sub-stellar objects around main se-
quence star (the “brown dwarf desert”, Grether and Lineweaver, 2006). Thus,
the discovery in this work of a new eclipsing system contributed in constraining

the properties of this class of objects.
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