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Abstract

In the scant few decades since the discovery of the rst exoplanet, the existence of
over 5000 exoplanets has been con rmed. However, there are still many open questions
about the formation, migration, and evolution pathways that sculpt the known population.
Intriguing population features, such as the Neptunian desert and the radius valley, aid us in
unravelling these scenarios. However, studying these requires many exoplanet discoveries
with precisely determined radii and masses. In this thesis, | primarily use photometry from
the Transiting Exoplanet Survey SatellilBE§S$ and follow-up spectroscopic observations
from the High Accuracy Radial velocity Planet Searcher (HARPS) to characterise transiting
exoplanets that are in or near these two population features, and thus contribute to our
understanding of the mechanisms behind their existence.

| rst present the discovery and characterisation of the three planet system around
TOI-431 using multiple sources of photometry and spectroscopy, included but not limited
to TESSSpitzer HARPS and HIRES. | carefully disentangle the stellar activity signal from
the radial velocity data to do so. The planets are, in order of increasing distance from
the star, an ultra-short period super-Earth, a non-transiting likely super-Earth, and a warm
sub-Neptune. The two transiting planets straddle the radius gap and provide an interesting
case study for di ering atmospheric evolution above and below the gap.

In order to make inferences about a population of planets, they need to be studied
in a homogeneous and statistically signi cant way. As a rst step towards this goal, | create
a sample ofTESSObjects of Interest within the Neptunian desert. The sample totals 73
planet candidates, 26 of which do not have high precision radial velocity observations. |
perform these observations within a large HARPS programme, dubbed Nomads, and then
perform preliminary analysis of the RV data to determine whether or not the candidates are
planetary. | nally examine the sample within the context of the Neptunian desert and by
their compositions.

A discovery from the Nomads programme, | present the characterisation of an
unusually massive planet with an ultra-short period, TOI-332b. It is one of the densest
Neptunes discovered thus far, and joins the very small handful planets discovered within
the deep Neptunian desert. With a likely negligible hydrogen-helium envelope despite
its size, it requires additional explanation beyond the core-accretion theory of planetary
formation.
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Chapter 1

Introduction

1.1 A brief history of exoplanets

We have speculated about planets outside our own Solar System as early as the sixteenth
century: Giordano Bruno, an Italian philosopher, posited that stars in the sky might be like
our own Sun, with their own planets (Bruno, 1584). Isaac Newton expresses his religious
views in his 1726 General Scholium; within this he thinks about how other stars may be
the centres of other systems of planets and comets like ours, and how this connects to the
existence of God (Newton, 1726).

It took until the twentieth century for methods to be proposed to detect these planets
around stars other than our Sun (Struve, 1952) and it is only within the past three decades or
so that any have actually been discovered. This led to the coining of the word exoplanet
to describe an extra-solar planet.

The rst con rmed exoplanet discovery was made by Wolszczan and Frail (1992):
two planets were discovered orbiting the millisecond pulsar PSR B1257+12, with a third
found shortly after (Wolszczan, 1994); the planets were detected via the timing shift they
caused in its pulses.

Prior to this, another candidate had been proposed and was later con rmed. Camp-
bell et al. (1988) observed a radial velocity signal from Gamma Cephei which they suggested
was due to a Jupiter-sized companion, which was subsequently doubted (Walker etal., 1992),
but nally con rmed to be due to a planetary companion in 2003 (Hatzes et al., 2003). In-
terestingly, there was evidence of exoplanets even earlier than this, from calcium absorption
in the spectra of the white dwarf Van Maanen 2 (van Maanen, 1917) implying that planetary
material was falling onto its surface, but this was not realised until 2016 (Farihi, 2016).

Notably, the rst exoplanet discovered to orbit a main-sequence star (51 Pegasi) was
found by Mayor and Queloz (1995), and was the rst con rmed planet to be found by the



radial velocity technique. Mayor & Queloz were awarded the Nobel Prize in 2019 for this
work.

Since these early discoveries, the eld of exoplanet science has seen an almost
exponential growth of discoveries (Fig. 1.1), surpassing 5000 in early 2022, and the accom-
panying science on how they form and evolve, what they're made of, and whether they could
host life, has similarly expanded in scope. This introduction will provide a brief overview
on what can, and has, lled several textbooks (see e.g., Haswell, 2010; Perryman, 2018;
Deeg and Belmonte, 2018).

Figure 1.1: The cumulative number of exoplanet detections per year since the rstcon rmed
detection in 1992, colour-coded by detection method. The jumps in 2014 and 2016 are due
to large numbers of exoplanets from th&?;4A mission becoming statistically validated

by Rowe et al. (2014) and Morton et al. (2016), respectively. Data taken from the NASA
exoplanet archiventtps://exoplanetarchive.ipac.caltech.edu/ )on 16 Sep 2023.



1.2 Exoplanet detection

Due to the di culty associated with imaging an exoplanet directly (see Section 1.2.3), most
exoplanet detections have been made through indirect methods, inferring the existence of
a planet from observable e ects it induces on its host star.

To date, the two most proli ¢ methods by far have been the transit and radial velocity
methods. They are both utilised extensively in this thesis, and here | will describe in detail
their underlying principles, and brie y summarise several other detection methods. These
methods can be thought of as complementary; they are each sensitive to a di erent region of
exoplanetary parameter space (i.e., they nd planets over di erent ranges of period, radius,
and mass) as shown in Fig. 1.2, allowing exoplanet astronomers to nd a huge variety of
exoplanetary systems (see Section 1.3.3).

Figure 1.2: Known exoplanet orbital periods plotted against their radii (top) and masses
(bottom), where the markers represent their discovery methods, showing the regions the
detection methods are sensitive to. Data taken from the NASA exoplanet arotipg (
/lexoplanetarchive.ipac.caltech.edu/ ) on 16 Sep 2023.



1.2.1 The transit method
The theory

The transit method relies on a favourable alignment geometry: that is, the orbital plane of
the planet must align with the line of sight of the viewer to the star. Then, at a particular
time in its orbit, the planet will pass through the viewer's line of sight, blocking some of the
stellar light that they would otherwise see and causing a dip in the apparent brightness of
the host star. This e ect will repeat every orbital period.

By obtaining a light curve, a measure of the brightness of a star over time, at the
time of the occultation of the star by the planet, a substantial amount can be inferred about
the orbital con guration of the system and the properties of the planet. This is illustrated
in Fig. 1.3, and explained below for the simple case of a circular orbit. Fig. 1.4 through 1.6
and Equ. 1.1 through 1.10 have been adapted from Haswell (2010).

First, the orbital period of the plané¥ can be determined from the time between
multiple transits. This can then be related to the semi-major axis of the Orkihrough
Kepler's third law:

9% = _ A0 (1.1)

1n ¢, n PO

This can be further simpli ed under the approximationthat, " p " ¢. Use of
this relation requires prior information about the star, its mass, which can be derived from
stellar models (see Sections 3.2.4 and 5.3 for some methods in which this can be determined).
When using stellar models, the planetary parameters are a ected by uncertainties in the
models. There are some alternative methods to derive stellar parameters, sucBaia via
data (Fouesneau et al., 2023) and asteroseismology (e.g., Rodrigues et al., 2017).

Next, the depth of the transkX, can be determined from the observed change in ux,

, relative to the out-of-transit ux, o. Assuming a stellar disc of uniform brightness, and

neglecting ux from the planet, the depth of the transit can then be geometrically related to
the relative radii of the planet,p, and star; ¢, as follows:

— x= P . (1.2)

0 ¢
The depthwill be inthe rang®Y X Y1: X= 0is equivalent to no transit (a 0 per cent
transit depth)X = 1 is equivalent to a transit that blocks out the whole star (a 100 per cent
transit depth); and, more realistically, 001 is equivalent to an approximately Jupiter-
sized planet transiting a Sun-like star (dl per cent transit depth). To nd an Earth-sized
planet around a Sun-like star, a transit depth @008per cent needs to be detectable.
Again, this requires prior information about the star; here, its radius, which can



Figure 1.3: An idealised schematic of a transit from the observer's view (top) and the
resultant light curve (bottom).



be determined via the methods described above for stellar mass, and | again emphasise
that uncertainties from models will propagate forward into the determination of planetary
parameters.

Another quantity that can be obtained from the light curve is the transit duration.
As illustrated in Fig. 1.3, a transit has four chronological contact points which correspond to
observable features in the transit light curve. First conjacpccurs when the limb (edge)
of the planet rst touches the limb of the star (from the viewpoint of the observer). Second
contact,) 2, occurs the moment the entire planetary disc is overlapping the stellar disc. The
planet is then transiting across the stellar disc, and hits third contadhe last instant
where the entire planetary disc is overlapping the stellar disc. Fourth confabppens
the moment the planetary disc no longer overlaps with the stellar disc. As such, two kinds
of transit duration can be de ned: the time the planet takes to move from contact point 1 to
4 known as the total transit duration),14, and the time from contact point 2 to 3 known
as the full-transit duration ) »3 (not confusing at all)) 14 is used below for calculation of
planetary parameters, and is also useful to know when scheduling transit obseryations;
is utilised less, but can, for example, be used in calculation of the signal-to-noise ratio of a
transit (see Kipping, 2023).

The transit duration depends on the impact paramétdhe vertical distance be-
tween the centre of the planet and the centre of the star at mid-transit (inferior conjunction)
as viewed by the observer (illustrated in Fig. 1.4). Via trigonometry, the impact parameter
can be related to the semi major axis and the inclination of the sy8téme,angle between
the planet's orbital plane and the normal to the observer on E&rtHO(degfor a face on
orbit, for which a transit would not be se&% 90 degfor an edge-on orbit):

1=0co0s8 (2.3)

The geometry of the system can be examined as the planet moves {frtn) 4
(illustrated in Fig. 1.5). A right-angled triangle can be made out of the impact parameter,
the sum of the stellar and planetary radii, and a third side of lengffrom Pythagoras'
theorem, it can be said that:

p
;= 1y, ' %2 1 0cos®2e (1.4)

Finally, the length;, can be related to the total transition duratipn, As the planet
moves from) 1 to ) 4, it sweeps an angle df around the centre of the star (see Fig. 1.6).
Making a triangle from) 1 to) 4 (noting that this is equivalent &) to the centre of the star,
again trigopnometry can be used to determine that:



Figure 1.4: An edge-on schematic showing the trigonometry that determines the impact
parameter, Equ. 1.3.

Figure 1.5: An observer's view schematic of the geometry created between the planet at
and) 4, from which the length;, can be derived (Equ. 1.4).



Figure 1.6: A 3D schematic of a planetary orbit showing the angle swept out by the planet
moving from) 1 to) 4 and how this relates to(Equ. 1.5).

Sin1Ue 20 = 6 (1.5)

For a circular orbit, witHJ in radians, the total transit duration is:

U
=% —- 1.6
) 14= %o (1.6)
SubstitutingU from Equ. 1.5 results in:

%

0 . 1 )
=—sin" = o 1.7
)14 c I 0 (1.7)
Finally, substituting from Equ. 1.4:
p !
% 1t ' 502 1 0 cosP2
)14 = Eosm ! ¢. P 5 . (1.8)

As) 14 can be measured from the light curve, and how to deter#ting., and0 is
known from earlier, Equ. 1.3 and Equ. 1.8 can be used to deterbne8

Unfortunately, reality is not quite so simple as the model derivations above. So
far, circular orbits have been assumed, but planets are perfectly capable of having eccentric
(elliptical) orbits. A more complex treatment including eccentricity can be found in Winn
(2010).

Additionally, the stellar disc does not have uniform brightness, as assumed. Instead,
it is brighter at the centre and becomes smoothly darker and redder towards the limb, an



e ect called limb darkening , a consequence of the optical depth increasing towards the
limb. Limb darkening results in a transit light curve having a rounded, rather than at,
bottom, and the e ect it has varies depending on the wavelength a star is observed at. This
is demonstrated in Fig. 1.7, where transits of HD 209458 b were observed by the Hubble
Space Telescope at many di erent wavelengths (Knutson et al., 2007). The rounding of
the bottom of the transit becomes more pronounced (more u shaped) the further towards
blue wavelengths one goes, and the transit appears deeper. Consequently, it is important
to model the e ect of limb darkening when tting transit light curves, as otherwise the
depth of the transit and thus the radius of the planet might be misrepresented (Espinoza and
Jordan, 2015). Limb darkening can be modelled with a range of limb darkening laws,
including but not limited to linear and quadratic relations (Csizmadia, 2018). A frequently
employed method of doing so is by using the parameterisation of Kipping (2013), which
models physically realistic limb-darkening without requiring prior knowledge of the star.
Whether or not a transit will be seen in the rst place is, as stated at the beginning of
this section, reliant on favourable alignment geometry: the orbital plane of the planet must
align with the line of sight of the viewer to the star, such that the disc of the planet transits
the disc of the star. When the planet is closest to the observer (inferior conjunction), it
is also as close as it will get to the centre of the stellar disc, and the distance between the
centres of the two discs is simply the impact paraméteas8(see Fig. 1.4). Therefore, for
the disc of the planet to transit the disc of the star, the inclination must satisfy:

0cos8 ', ' pe (1.9)

In the case where¢ ' pY 0cos8 '¢, 'p, a grazing transitis seen; that is,
the disc of the planet only partially covers the disc of the star, and the depth of the transit
will be less than expected from Equ. 1.2.

Equ. 1.9 can be simpli ed to infer a probability of a transit to be:

¢, P ¢
0 0

The probability of a transit occurring increases with decreasing semi-major axis, i.e.
decreasing orbital period. Coupled with it being easier to infer the presence of a planet with
multiple detected transits, this strongly biases the transit method towards close-in planets.
Indeed, a detection is not claimed based on single ( mono) transit, and even with two
transits (a duotransit’) the planet periodicity is not secure. Three or more transits are
generally needed to determine planetary period, and work has been done to follow-up both
mono and duotransit candidates (e.g., Gill et al., 2020; Lendl et al., 2020; Osborn, 2022;
Osborn et al., 2022; Hawthorn et al., 2023a).

. (1.10)

Yrans=



Figure 1.7: A demonstration of the e ect of limb-darkening on the transit shape:

HD 209458 b observed by the Hubble Space Telescope in 10 di erent bandpasses over
a total wavelength range of 290 to 1030 nm. The bottom of the transit becomes noticeably
more u shaped as the wavelength becomes bluer. Reproduced from Knutson et al. (2007).
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Overall, the derivations above show that the transit method is a powerful tool,
allowing the inference of many properties of an exoplanet detected with it, e.g., its period,
radius, inclination, and impact parameter. Importantly, this is the only method that allows
a direct determination of a planet's radius. However, the major drawbacks are not being
able to determine a planet's mass (excepting the scenario where transit timing variations are
present, see Section 1.2.3), which is necessary to con rm whether a signal is truly planetary
in origin, and the low probability that a planet will transit from our viewpoint. There are also
many astrophysical false positives that can mimic a transit signal (e.g., blended eclipsing
binaries and grazing eclipsing binaries), so further information is often needed to rule these
possibilities out.

Facilities and discoveries

The rst planet found to transit was HD 209458 b, which had both radial velocity measure-
ments and transits (Charbonneau et al., 2000; Henry et al., 2000), where the transits are
shown in Fig. 1.8. The transits con rmed the radial velocity variations were planetary in
origin. The rst planet to bediscoveredvia the transit method was OGLE-TR-56 b (see
Fig. 1.9), which was con rmed as planetary with radial velocity measurements (Konacki
etal., 2003). Both planets are hot Jupiters, giant planets on close-in orbits to their host stars
(see Section 1.3.3).

In the two decades since the rst transit discoveries, a little over 4000 planets have
been discovered via the transit metlodiransit detection facilities can be naturally split by
whether they are ground-based or space-based.

Ground based facilities did the initial legwork in con rming the transit method was
viable and continue to make new discoveries to this day, alongside the important work
of following up candidates from space-based observatories. Early facilities include: the
Hungarian Automated Telescope (HAT, Bakos et al., 2002); the Trans-Atlantic Exoplanet
Survey (TrES, Alonso et al., 2004); XO (McCullough et al., 2005); the Wide Angle Search
for Planets (WASP, Pollacco et al., 2006); the Kilodegree Extremely Little Telescope (KELT,
Pepper et al., 2007); and HAT-South (Bakos et al., 2009). More recent facilities include:
MEarth (Irwin et al., 2009); the Antarctic Search for Transiting ExoPlanets (ASTEP, Crouzet
et al., 2010); the Transiting Planets and Planetesimals Small Telescope (TRAPPIST, Jehin
et al., 2011); the Search for habitable Planets EClipsing ULtra-cOOI Stars (SPECULOOS,
Burdanov et al., 2018); and the Next Generation Transit Survey (NGTS, Wheatley et al.,
2018). Of these, WASP has made the most discoveries, nding close to 200 gdlanets
with its large eld-of-view and short cadence. There are, however, signi cant challenges

1As recorded by the NASA Exoplanet Archiviettps://exoplanetarchive.ipac.caltech.edu , ac-
cessed 7 September 2023. All discovery numbers in the text in Section 1.2 refer to this footnote.
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when observing transits from the ground, including weather, noise produced by the Earth's
atmosphere, and the limited night-time windows in which transits can be observed and
these can be solved by moving our telescopes to space.

The Convection Rotation Transits (CoRoT, Baglin et al., 2006) satellite was the rst
space-based transit detection facility; launched in 2006, it found over 30 transiting planets
over its 7 years of operatidn Then cameKepler, performing the initialKepler mission
(Borucki et al., 2010) and then the subsequ€Rimission (Howell et al., 2014) after the
loss of two of the spacecraft's reaction wheels. It was groundbreaking; between both
missions, over 3000 transiting exoplanets have been fowitti candidate follow-up still
ongoing to this day. Perhaps the biggest drawbadkegfler/K2is that the observed stars
are often too dim for radial velocity follow-up, resulting in large numbers of planets without
mass measurements, their planetary nature being validated rather than fully con rmed.
Its successor, the Transiting Exoplanet Survey Satellite (TESS, Ricker et al., 2015) was
designed to target bright stars more amenable to follow-up across the whole sky, and has
discovered verging on 400 planets (with over 4000 candidates yet to be investigdteel)
mission is currently ongoing.
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