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NASA’s Transiting Exoplanet Survey Satellite (TESS) mission launched in 2018 and has

since observed more than 90% of the sky and discovered more than 6,000 planet candidates of

many sizes, temperatures, and orbital periods. Hot Jupiters, in particular, have benefited from

TESS since these planets are uniformly distributed throughout the sky and produce large transit

signals. Many questions remain about this enigmatic class of large gas giants orbiting extremely

close to their host stars regarding their formation and evolution. My dissertation leverages TESS

to investigate the potential formation mechanisms of hot Jupiters and applies relevant planet

discovery techniques to a collection of planet candidates that would be most amenable, or “best-

in-class,” for atmospheric characterization with JWST.

First, I performed a uniform search for nearby companion planets to hot Jupiters observed

by TESS in its first year of operations. The lack of planets nearby hot Jupiters in their planetary



systems has long been thought to be a fingerprint of their dynamically active formation history,
although a recent set of discoveries of nearby planets in three hot Jupiter systems has challenged
this notion. I developed a custom-built search, vetting, and validation pipeline to detect additional
transit signals in TESS light curves of hot Jupiter systems and evaluate the planetary nature of
each. This study found a host of new transit-like signals but none were deemed to be caused by
planets, reinforcing the idea that companion planets to hot Jupiters are rare. I also estimated the
expected rate at which hot Jupiters should have companions and found it to be 7.3*22%.

Second, I continued the search for additional planets in hot Jupiter systems as TESS contin-
ued to observe the sky and discovered a new signal in the WASP-132 system. I vetted and statis-
tically validated this signal to demonstrate that it is indeed from a new planet, dubbed WASP-132
c. This planet orbits interior to the hot Jupiter WASP-132 b and constitutes only the fourth such
system discovered at the time. I performed some initial analysis on the limited sample of hot
Jupiters with nearby companions and found evidence suggesting that systems with this architec-
ture predominantly have an outer hot Jupiter beyond the 3 day orbital period pileup with an
inner companion. This may be due to a number of factors, including physical and observational,
such as formation mechanism or the bias towards short period planets of transit surveys.

Finally, I leveraged the planet discovery, vetting, and validation techniques I had applied to
the search for companions to hot Jupiters to perform a large-scale validation of over 100 planet
candidates discovered by TESS that were deemed “best-in-class” for atmospheric characteriza-
tion with JWST. This included the synthesis and ranking of all planets and planet candidates
by observability with JWST into a single sample and then performing vetting and validation
analyses on those that were candidates. In total, I statistically validated 22 planet candidates

and marginally validated a further 35. I present the final best-in-class sample as a community



resource for future JWST observations.
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Preface

The research presented in Chapters 2 and 3 of this dissertation has been previously pub-
lished. Chapter 4 of this dissertation is under review by the TESS collaboration and will be
submitted shortly for publication.

Chapter 2 is presented with only minimal modifications since appearing in the Astronomi-
cal Journal (AJ) as “A Uniform Search for Nearby Planetary Companions to Hot Jupiters in TESS
Data Reveals Hot Jupiters are Still Lonely” (Hord et al., 2021). I conducted the bulk of the analy-
sis presented in this work. I assembled the target list and data set, developed the search pipeline,
searched each light curve, vetted and validated each candidate signal, modeled the photometric
time series data, and performed the occurrence rate analysis. Coauthors contributed feedback on
the analysis methods and text.

Chapter 3 is presented with only minimal modifications since appearing in AJ as “The Dis-
covery of a Planetary Companion Interior to Hot Jupiter WASP-132 b” (Hord et al., 2022). I
conducted the bulk of the analysis presented in this work. I performed an independent search
to recover the candidate signal, performed most of the vetting analysis, modeled the photome-
try, performed the statistical validation analysis, dynamically modeled the system, modeled and
searched for signals in the radial velocity data, put the system in context with other systems of
similar architecture, and drew the formation and population-level conclusions presented. Coau-
thors assisted with running DAVE- an automated vetting software — obtaining follow-up obser-
vations, performing stellar modeling, and contributing feedback on the analysis methods and
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text.

Chapter 4 is presented in its current pre-review form. Few, if any, major changes are ex-
pected from the review by the TESS collaboration. Therefore, I plan that a version very similar to
that presented here will be submitted to the AAS journals in the coming weeks. I conducted the
bulk of the analysis presented in this work. I assembled the target list and the data set, performed
the vetting and validation analysis (including modifying requisite codes), made determinations as
to the category each target belonged to, and organized all of the data and results for presentation.
Coauthors contributed follow-up observations, and some feedback on final target disposition and

text.
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Foreword

No sooner had Homo sapiens diverged from their evolutionary ancestors than had hu-
mankind turned its eyes skyward, tracking the bodies that moved slowly and periodically across
the heavens and ascribing to them divinity. Today, we know these objects as planets, not gods,
although to our ancestors, these would be one and the same. We can now describe the motion of
these bodies precisely using equations and see them with telescopes. We have visited them and
investigated them. But this makes them no less fantastic, only better understood.

The forces and phenomena that were the stuff of myth and legend have not changed, but
the way in which we describe them has. We continue to seek a greater knowledge of that which
holds great power and, in this way, we are no different from those who preceded us. In our
study of the Universe, we build upon the intellectual heritage of our ancestors, investigating the
cosmos out of reverence for its ability to dwarf even the greatest of human feats. Nowhere is this
better evidenced than with the planets, whose very names remain the names of deities who have
long since lost their divine status and whose power and scale have captivated our imaginations as
objects to be harnessed, explored, and understood.

While our contemporary definitions of divinity have shifted to no longer encompass that
which we believe to be known, the discovery and investigation of the universe and its components
remains no less all-consuming now than it was to our distant ancestors. Divinity lies not in
wrathful deities or faceless clockmakers, but in the unknown, and by demystifying one part of
the Universe, we push the definition of divinity to another part just beyond reach.

v



It is in this context that this work is performed; a demystification of would-be gods re-
volving around suns all their own as part of a persistent, all-too-human need to explore and
understand, to assign meaning where there is yet none. The making of what was once divine into
something known and mundane, something that can be comprehended through a means other
than myth and legend; a morphing of awe from one of spirituality to one of sheer scale and

magnitude.
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Chapter 1: Introduction

The idea of planets orbiting stars other than the Sun has garnered public fascination for
decades, if not longer, with science ction literature, television, and Ims glorifying the dis-
covery and understanding of alien worlds both similar and dissimilar to ours. This captivation
became reality with the discovery of the rst planets around another star — or “exoplanets” — by
Aleksander Wolszczan and Dale Frail in 1992 (Wolszczan & Frail, 1992a). Although these plan-
ets orbited around a pulsar — the remnants of a dead star emitting extreme levels of high-energy
radiation — this discovery blew open the door for further discoveries and the eld of exoplanet
science itself. It was only a few years later that Michel Mayor and Didier Queloz would discover
a giant gaseous planet zipping around its host star of 51 Pegasi on an orbit of only 4.23 days
(Mayor & Queloz, 1995), eventually earning them the 2019 Nobel Prize in Physics for their dis-
covery. This marked the rst planet discovery around a main-sequence star similar in many ways
to our own Sun.

Since then, over 5,000 exoplanets have been con rmed according to the NASA Exoplanet
Archive! with a huge variety in planet size, mass, temperature, composition, orbital period, and
more. New categories of planets in portions of parameter space previously thought impossible

for planets to inhabit have been discovered, raising new questions about planetary formation and

https://exoplanetarchive.ipac.caltech.edu/



evolution and challenging long-held theories developed based on our Solar System. Among these
new categories are the hot Jupiters — large gaseous planets larger than 8 Earth radii orbiting their
stars on exceptionally close orbits with periods of less than 10 days (See Figure 1.1 Winn et al.,
2010). It was thought that such planets could not exist and certainly could not form so close to
their host stars but we now see them in abundance around main-sequence stars. Indeed, even the
aforementioned 51 Pegasi b falls into this category.

Central to the process of studying the formation, evolution, and composition of hot Jupiters
and other classes of planets is the discovery of additional planets and the observation of each
through multiple methods. By building the sample of planets through new discovery — or con-
versely determining which portions of parameter space do not contain planets — we can better
understand the similarities between planets of each class while disentangling these properties
from the nuances of individual systems. Additionally, it is imperative to observe each of these
planets via as many methods as possible, since each observation method provides different infor-
mation regarding the planet and can often be used to break degeneracies in inferring planetary
and orbital properties. These not only include discovery methods such as radial velocity observa-
tions or transit detections, but follow-up such as transmission or emission spectroscopy to study
a planet's atmosphere.

In this dissertation, | present three scienti ¢ studies | have led that employ planet discovery
and validation tools towards the ultimate goals of understanding the formation of hot Jupiters and
observing the planets most amenable to atmospheric characterization with our current capabil-
ities. This rst introductory chapter presents the scienti ¢ and historical background necessary
for each of these studies and provides the context within which these studies were performed.
Section 1.1 outlines the process of planet discovery, including the transit method that my work
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heavily uses. Section 1.2 discusses the vetting and validation as well as many of the methods,
techniques, and facilities engaged in determining whether a signal is due to an exoplanet or a
false positive. Section 1.3 provides an overview of hot Jupiter formation, evolution, and current
knowledge regarding this unique class of planets. Section 1.4 outlines the study of exoplanet at-
mospheres including the motivations behind studying exoplanet atmospheres as well as the state
of the eld and methods for characterizing an exoplanet's atmosphere.

Chapter 2 of this dissertation presents a uniform search for nearby companion planets to
hot Jupiters in order to constrain the formation pathways of hot gas giants as well as estimate
the expected occurrence rate of transiting planets nearby hot Jupiters. In a similar vein, Chapter
3 presents the discovery of one such system, WASP-132, containing a hot Jupiter with a nearby
transiting companion planet and discusses the formation implications for the growing population
of systems with this architecture. Chapter 4 presents a synthesis of what we consider the “best-
in-class” planets and planet candidates for atmospheric characterization with JWST, including a
vetting and validation analysis of each uncon rmed planet candidate contained within the sample.
This dissertation concludes with a summary and discussion of future work contained in Chapter

5.

1.1 Exoplanet Discovery

Perhaps the most obviously important part of studying exoplanets is actually detecting
them. What is less obvious, however, are the variety of methods through which they are detected
and discovered and the biases inherent within each.

When Wolszczan and Frail discovered the rst exoplanets in 1992, they took advantage of



the host pulsar's regular and precisely-timed radio pulses. They noted that, as they observed the
central pulsar, the timing of the pulsar's pulses varied in a regular, sinusoidal pattern and deduced
that this was being caused by the gravitational pull of the orbiting planets pulling the pulsar
around the system's center of mass. This causes slight variations in the distance that the light
from the pulsar must cross to reach observers on Earth in a regular, repeating pattern (Phillips &
Thorsett, 1994; Kramer, 2018). This discovery method has come to be known as pulsar timing
and has been used to discover seven exoplanets (via the NASA Exoplanet Archive). This method
allows for the mass and periods of the planets to be measured, although not the radius or the
inclination of the planetary orbits. This method can measure planetary masses with precision
down to a small fraction of Earth's mass (Thorsett & Phillips, 1992; Nitu et al., 2022) but as
pulsars are fairly rare and don't provide hospitable environments for planets, this is not a very
common method of exoplanet discovery. Certain variable stars can be used in the place of pulsars
in this discovery method, but these are also very rare.

Similar to pulsar timing in its main principles is the radial velocity method. This technique
was used to discover 51 Pegasi b by Mayor and Queloz in 1995 and also relies upon the subtle
gravitational pulls of the orbiting planets on the host star around the system's center of mass.
However, unlike pulsar timing, the periodic variations in the motion of the host star are measured
via Doppler shifted features in the star's spectrum (Wright, 2018; Hara & Ford, 2023). As the
star moves away from the observer, the features are shifted to longer wavelengths compared to
the rest frame, while the opposite is true when the star moves closer to the observer as a result
of gravitational interaction with the planet. This method extends the general principles of pulsar
timing to all stars and allows for masses and periods of the planets to be measured, albeit less
precisely, and has been used to nd 1044 planets thus far (via the NASA Exoplanet Archive).
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Still, this method alone does not provide information on a planet's radius or inclination.

It wouldn't be until 1999 when the rst transits of an exoplanet across the disk of the star
HD 209458 would be observed (Charbonneau et al., 1999a; Henry et al., 1999). This opened up
a new detection method wholly distinct at its core from pulsar timing and radial velocity in that it
did not rely on the gravitational interactions between the star and its planets, but rather the planet
interacting with the light from the host star. This method provides the period, radius, and orbital
inclination of the planet, rather than the mass, and is easily scaled to large photometric searches
whereas some other detection methods are much more targeted.

Further techniques such as direct imaging, gravitational microlensing, and astrometry have
also been employed in the detection of extrasolar bodies in conjunction with transits. Each of
these detection methods carries observational biases and probes different portions of parameter
space. Figure 1.1 illustrates the different slices of parameter space that each detection method is
able to investigate. Furthermore, one detection method alone cannot discern all of the properties
of a planet and in order to truly understand a planet, it is necessary to observe the planet with
more than one of these detection techniques. In this manner, these detection techniques are
complementary with one another and each have advantages and disadvantages when searching
for planets.

In this dissertation, each planet and planet candidate was observed using the transit method,
which will be discussed in Section 1.1.1, although additional observations using some of the other
techniques were employed in determining whether a planet candidate can be considered a true

planet or not.



Figure 1.1: The mass-period distribution of all known exoplanets as of June 29, 2023 as gen-
erated on the NASA Exoplanet Archive. The color and marker of each planet on the plot de-
notes its discovery method. As you can see, different exoplanet detection techniques capture
different parts of the mass-period parameter space with some overlap in the regions between
groupings of planets. Some methods, such as timing variations, are spread throughout but
are sparsely populated due to their observational dif culty. Figure from the NASA Exoplanet
Archive: https://exoplanetarchive.ipac.caltech.edu/



Figure 1.2: A schematic illustration of an exoplanet transiting across the disk of its host star. On
the top of the image, a representation of a planet traveling through the path of its orbit in front
of a star is shown with a dotted arrow. Below this, the brightness of the observed star is shown
over time correlating to the position of the planet in its orbit, referred to as a “light curve”. As
the planet passes in front of the host star, some ux from the host star is blocked and a dip in the
overall brightness can be seen in the light curve at the bottom. Figure from NASA Ames.

1.1.1 The Transit Method

The transit method exploits a very speci ¢ orbital alignment geometry in which the exo-
planet passes directly between the observer and the planet's host star. In this manner, some of
the ux from the host star is blocked by the opaque body of the planet as it passes in between the
observer and the star and the overall stellar brightness measured by the observer is diminished.
As the planet passes across the stellar disk, the diminished brightness remains relatively constant
before the planet passes past the edge of the stellar disk and the observed brightness of the host
star returns to normal. This dimming event is referred to as the transit of the planet. This effect
repeats at the cadence of the orbital period of the exoplanet, producing a regularly detectable
signal indicative of an orbiting body (Deeg & Alonso, 2018). A schematic illustration of what
this effect looks like to the observer can be found in Figure 1.2.

From a transit, it is possible to ascertain the radius of the planet as the amount of light



blocked by the planet in transit is directly proportional to its size according to the square of the
ratio of the planet's radius to the radius of the host staRy/R )?. Additionally, the inclination
of the planet's orbit relative to the observer can be determined via the projected distance between
the planet and star centers. This is known as the impact pararbetdnjch is normalized to
the stellar radius such that it carries a value between 0 and 1 and can be obtained through the
measurement of time between beginning of ingress and end of egress)d the duration of
the full planetary disk occluding the stellar didk,. Furthermore, information can be inferred
about the host star based on these parameters. These parameters can be combined with Kepler's
third law to provide the stellar density,, and the transit shape can be used to measure the limb
darkening of the host star. Stellar disks are not uniform and display limb darkening, where the
outer parts of the stellar disk are dimmer than the middle part due to changing optical depth
and effective temperature at the limbs compared to the center. Thus, as the planet crosses over
portions of the stellar disk of varying brightness, it is possible to determine how the brightness of
a star's limbs compare to its center.

Since this method relies on a speci ¢ alignment geometry, the probability of observing such
a transit for any given star from a random direction is quite small as the inclination of a planet's
orbital plane must be seen edge-on by the observe0(). The probability for a randomly-

oriented planet on a circular orbit to be aligned correctly for a transit is

R +R R +R a 1
— P 0:005 = P AU

(1.1)

whereR is the radius of the host star in solar radii ang the semi-major axis in astronomical

units (Borucki & Summers, 1984). Due to the dependence of transit probability on a planet's



semi-major axis, this method is heavily biased towards nding planets that orbit close to their
stars, although even planets orbiting at the periods of the inner planets of our Solar System have
no more than a 1% chance at transiting when observed from a random direction. In contrast,
many hot Jupiters have transit probabilities af0% or more because they have orbits<oi0

days compared to the 88 day orbit of Mercury. This makes hot Jupiters ideal targets for transit
observations. It is also worth noting that transit probability is agnostic to the distance of a star
from an observer, although other factors such as photometric accuracy suffer from the attenuation
of a star's brightness with distance.

Not only is the probability of transit small, but the change in brightness produced by the
transiting exoplanet is quite small as well. For a planet the size of Jupiter, this is often on the
order of a 2o dip in brightness of the host star, whereas for smaller planets orbiting Sun-like
stars, such as the Earth or Venus, the change in brightness can be on the order of hundredths
or even thousandths of a percent (Seager & &talDrnelas, 2003). This means that observing
terrestrial planets around Sun-like or larger stars becomes exceedingly dif cult, even under ideal
conditions. The best prospects for planet discovery using the transit method are therefore large
planets or planets orbiting small stars, such as M dwarfs (Haghighipour et al., 2010) or even white
dwarfs (Drake et al., 2010; Agol, 2011; Faedi et al., 2011).

Despite the challenge of detecting small signals from planets with very speci ¢ alignments,
the transit method is by far the largest contributor to planet discoveries of any method to date,
far surpassing the number of discoveries of all other methods combined. Figure 1.3 illustrates
the cumulative number of exoplanet discoveries per method broken down by year and the huge
volume of transiting planet discoveries is apparent. And even though the transit method is the
most common detection technique, we are still only observing a fraction of all planets expected

9



Figure 1.3: The cumulative distribution of planet discoveries by detection method over time. Not
only are the total number of exoplanet discoveries increasing with time, but ever since around
2014, the transit method (green) has come to dominate exoplanet discovery. Figure from the
NASA Exoplanet Archive: https://exoplanetarchive.ipac.caltech.edu/
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to be in the galaxy since this method is insensitive to planets without edge-on orbits that may be
present around stars with no currently known planets and transit surveys are magnitude-limited.

This prevalence of transiting exoplanet discoveries is partially due to the ease with which
large numbers of stars can be searched for transits. It is fairly straightforward for one or more
telescopes to perform a photometric survey of the sky at a short cadence in a sort of shotgun
approach to picking out transit signals from individual stars contained within the survey eld
of view. Such a survey was described as early as 1971 by Rosenblatt (1971) and later re ned
by Borucki & Summers (1984) to outline a ground-based, wide- eld planet survey. It was not
until the early 2000s with the Optical Gravitational Lensing Experiment (OGLE, Udalski et al.,
2002a,b) that a concerted ground-based observing campaign was established. This was later fol-
lowed by searches with the Hungarian-made Automated Telescope Network (HATNET, Bakos,
2018), the Wide-Angle Search for Planets (WASP, Pollacco et al., 2006; Collier Cameron et al.,
2009), and many others.

These ground-based surveys, while prolic, often suffered precision loss due to atmo-
spheric effects and temporal limitations due to Earth's day-night cycle. Thus, space-based searches
were required to make leaps in progress in transit surveys. The rst of these was the COnvection,
ROtation and planetary Transits satellite (CoRoT, Auvergne et al., 2009; Moutou et al., 2013)
that detected the rst super-Earth size planet CoRoT-7b with a radius oR1.§Beger et al.,

2009), which introduced an entirely new class of planets. CoRoT was followed up by the Kepler
(Borucki et al., 2010) and K2 (Howell et al., 2014) missions as well as the currently-operating
TESS mission (Ricker, 2015). TESS is already well into its second mission extension, having
surveyed over 9 of the sky (see Figure 1.4) with potential plans to surve$o@f the sky by

the end of its third extended mission. TESS is responsible for identifying over 6,000 planet can-
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Figure 1.4: A mosaic image of all TESS data taken as of December, 2022. Most of the sky

has been observed by TESS, save for a large hole in the left side of the image. This is due
to contamination from the Sun and the Moon precluding the observation of that region of sky

without risking damage to the onboard instruments and high photometric noise. Future TESS
observations may |l this gap in the data. Other gaps can be seen sporadically throughout the
sky map. This is due to the TESS observing strategy which observes the sky in strips called
sectors. The edges of these sectors are not always ush with one another and result in slivers of
unobserved sky. Additional gaps are due to the space between CCDs. Figure from Ethan Kruse.
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didates to date and its almost full-sky coverage coupled with space-based photometric precision
has produced an explosion of new potential planets. These planet candidates continue to pro-
vide exciting new discoveries that enrich our understanding of planet formation, evolution, and

demographics.

1.2 Determining the Planetary Nature of a Transit

Although there has been an explosion of transit discoveries as outlined in Section 1.1.1,
there has also been an explosion of false positive scenarios that mimic the transit durations,
depths, and periods of a planet but are caused by some other astrophysical con guration (Brown,
2003; Charbonneau et al., 2004). Therefore, itis necessary to demonstrate that transit-like signals
are de nitely not or at least highly unlikely to be caused by these false positive scenarios in order
for a signal to be referred to as a planet rather than a planet candidate. This is accomplished
through a series of analysis procedures, each imparting different levels of con dence that the

signal is indeed caused by a planet.

1.2.1 False Positive Scenarios

Almost all false positive scenarios are centered on the idea that it is a star rather than a
planet causing the signal. In these cases, the con guration of the system is the same as if it were
a planet causing the transit, but instead of a planet passing between the observer and the host star,
it is another star. These types of stellar systems are termed “eclipsing binaries” since they exist
in a binary stellar con guration and happen to eclipse one another from our point of view. An

illustration of the various types of false-positive scenarios is shown in Figure 1.5.
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Figure 1.5: An illustration of the main astrophysical scenarios causing a transit-like event. (a) a
planet orbiting its host star; (b) an orbiting brown dwarf or low-mass star with similar radius to a
planet; (c) a blended stellar binary in a triple-star system with deep eclipses that are strongly di-
luted by a bright neighboring star, mimicking the much shallower transits of a planet; (d) grazing
binary stars in which the disks of each star only overlap by a small amount at each eclipse, pre-
venting the full radius of the orbiting object from being determined and mimicking a shallower
planet transit. Starspots are not shown in this gure as they produce signals that are sinusoidal
rather than transit-like, although the signals may appear transit-like in rare edge cases such as
data with a low signal-to-noise ratio. Figure from Cameron (2012).
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One of the most common astrophysical false positive scenarios is that of the blended eclips-
ing binary (BEB; Evans & Sackett, 2010; Haswell, 2010). This occurs when an eclipsing binary
is located along the same line of sight as the target and the periodic signal from the BEB is mixed
with the light from the target star, thereby creating the illusion that the background signal is orig-
inating from the target star. BEBs are also sometimes referred to as nearby eclipsing binaries
(NEBSs).

In many BEB scenarios, two stars of equal mass produce grazing eclipses at half their
orbital period. Although normally the large radius of a star would produce deep eclipses, the
grazing nature of the eclipses is caused by only part of the stellar disks passing in front of one
another, therefore producing shallower eclipses that can mimic the depths of a planet transit
(Cameron, 2012). If the stars are not of equal mass, then the differing temperatures, brightnesses,
and radii of the stars would produce transit depths that vary with every-other eclipse (called odd-
even transit variation).

On the other hand, the eclipsing binary could consist of a main sequence primary star that
is eclipsed by a brown dwarf or a white dwarf, both of which have smaller radii that are closer
to that of hot Jupiters or even Earth-size planets and can masquerade as such. This allows for a
wider range of orbital inclinations and is dif cult to disentangle from a planetary scenario with
photometry alone (Brown, 2003). Both the grazing binaries of similar masses and the brown
dwarf/white dwarf BEB scenarios can be complicated by the line of sight. It's possible that
these BEB scenarios exist in the same line of sight as the target, but due to the pixel size of the
photometric detector or a large point spread function (PSF) for a given instrument, it is often
dif cult to determine which star the signal is originating from (Bryson et al., 2013; Coughlin
et al., 2014a).
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In fact, it's also possible for a BEB to be diluted by the ux from the target or another
nearby star, thus making the eclipse shallower and even closer to that of an exoplanet transit.
This line of sight issue becomes more prevalent for instruments with larger pixel sizes (Collins
et al., 2018), such as TESS, which has a pixel width of 21 arcsec. This is why instruments with
larger pixel sizes often require more intensive vetting and validation procedures to rule out false
positives.

It is also worth noting that any of the con gurations illustrated in Figure 1.5 could also
represent the target itself and not all false positives are due to a background or nearby system.
Starspots can also, in rare cases, result in a false positive transit, although this the signal produced
by starspots is often sinusoidal in nature and distinct enough from transit-like features such as to

be easily identi ed. Starspots are primarily an issue in low signal-to-noise data.

1.2.2 \etting, Validation, and Con rmation

Exoplanet “vetting” consists of a suite of diagnostic analyses that can be applied to each
planet candidate in order to identify transit-like signals that are caused by BEBs. Torres et al.
(2011) outlined four diagnostic vetting tests applicable to photometric data which were imple-
mented by Sullivan et al. (2015) for use with TESS data. These are (1) the search for ellipsoidal
variations which are gradual sinusoidal changes in brightness in the out-of-transit portions of the
light curve over the course of an orbital period due to the ellipsoidal shape of the stars in the
eclipsing binary caused by the gravitational distortion of each into ellipsoids (Mazeh, 2008); (2)
the existence of secondary eclipses — the blocking of light emitted by the planet or star when

it passes behind the primary star — with depths consistent with objects at the temperature of a
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star; (3) V-shaped transit shapes that are caused by lengthy ingresses and egresses due to eclips-
ing objects that are similar in size; and (4) a so-called “centroid shift” where the centroid of

the difference between the in-transit and out-of-transit portions of the light curve shift from the
centroid of the baseline ux, indicative of a background object as the source of the transit-like
signal. Chromaticity can also be used to identify transits due to BEBs since stars of differing
effective temperatures will exhibit blackbody spectral energy distributions centered at different
peak wavelengths, causing the transit depth to vary as a function of bandpass.

There are other vetting procedures, such as the comparison of the odd and even transit
depths to determine if the transits are being caused by two stars at half the observed period as
well as the collection of reconnaissance follow-up observations (e.g. Kostov et al., 2019a). These
observations can include additional photometry at higher spatial resolution to check nearby tar-
gets for obvious eclipsing binaries or determine if a transit is chromatic, spectroscopy to constrain
the maximum amplitude of a radial velocity signal, or high-resolution imaging to rule out or con-
strain the presence of additional unresolved stars in the target system. Not all targets are required
to undergo all forms of vetting, however, more rigorous vetting of each target increases the like-
lihood that the signal is caused by a planet rather than a false positive (Torres et al., 2011). Itis
important to note that transit-like signals that pass through vetting without being ruled a false pos-
itive are still considered planet candidates rather than planets (Alonso et al., 2004; Charbonneau
et al., 2004).

The next level of con dence in the planetary nature of a transit-like signal comes through a
process termed “validation”. There are two means through which a planet candidate can become
validated: statistical validation and photometric validation (Brown, 2003; Morton, 2012a).

Statistical validation involves the use of statistics to rule out portions of parameter space
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where it is possible that the signal is due to a false positive. More often than not, this pro-
cess employs the use of specially-created statistical validation software suespas (Morton,

2012a, 2015a) an@iRICERATOPYGiacalone et al., 2021a). Based on the planetary and or-
bital parameters of the potential planet as well as its position on the sky and sometimes even the
observatory or extraction aperture used to discover the signal, these software packages generate
a set of priors for a host of astrophysical false positive scenarios, incorporating any follow-up
observations as constraints. They then run a Markov Chain Monte Carlo (MCMC) simulation
to determine in which portions of parameter space a false positive scenario can and cannot re-
produce the user-provided transit. This is often heavily based on the shape of the transit. Each
statistical validation software compares against a set of astrophysical false positive scenarios in-
volving an additional stellar companion as the source of the transit-like signal. After calculating
the posterior probabilities of each false positive scenario, statistical validation provides a nal
false positive probability (FPP) for the target, which, if below a certain threshold (ofién),
indicates that the signal is almost certainly caused by a planet. The primary difference between
vespa andTRICERATOPSs that the latter incorporates the actual background stellar eld in

its FPP calculation and was developed speci cally for use with TESS data.

Alternatively, a signal can be validated photometrically, which involves observing the
transit-like signal in multiple wavelengths (e.g. O'Donovan et al., 2007p€& Ford, 2011;
Parviainen et al., 2020). Stars are self-luminous, meaning that if a star were to eclipse another
star, the depth of the eclipse would not be the same as if the eclipsing body were opaque — such as
a planet would be — since the observed ux is the sum of the primary star as well as the eclipsing
star. Additionally, since stars can be approximated as blackbodies, the ux emitted by each star

varies with wavelength. Therefore, if an eclipsing binary is the cause of a transit-like feature, then
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the depth will vary with wavelength since the summed relative ux would change based on the
bandpass used to observe the system (Mandushev et al., 2005; O'Donovan et al., 2006). Since a
planet is opaque and has a small wavelength dependence on the proportion of a star's light that it
occludes, the broadband transit depth should not change signi cantly with wavelength if a planet
is causing the transit Transits that do not change signi cantly between broadband multiwave-
length observations can also be considered validated. Validated planets are no longer considered
candidates, but are at this point deemed planets.

Although validated signals are considered planets, they are still only highly likely to be
planets rather than de nitely planets. The process of “con rming” a planet is the only way to
be sure that a planet is indeed ¥9@ planet. To con rm a planet, it is necessary to measure the
planet's mass (e.g. Hellier et al., 2017;i@a et al., 2022; Silverstein et al., 2022). This is most
often accomplished through radial velocity measurements since most false positive scenarios pro-
duce radial velocity signatures that are inconsistent with a planet-mass body orbiting the host star.
Additionally, radial velocity data provide the means to uncover truly pathological false positive
scenarios such as multi-star con gurations. Brown dwarfs are small enough to masquerade as
planets, but have masses far larger than a planet would. Thus, multiple detection methods are
required in order to turn a transiting planet candidate into a con rmed planet and radial velocities

in particular constitute the “gold standard” for planet con rmation.

2There is a potential for transit depth dependence on wavelength in the case that the planet possesses an atmo-
sphere with absorping chemical species that are not shrouded by opaque cloud layers. This effect exhibits different
wavelength dependence than an eclipsing binary would, however.
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1.3 Hot Jupiters

Before the rst exoplanets were discovered, our ideas of what extrasolar planetary systems
would look like were largely based on our own Solar System, with inner terrestrial planets and
outer gas giants. This conceptualization informed our theories on planet formation and evolution,
where planets formed from a cloud of gas and dust that collapsed into a disk. In this disk,
beyond the snow line where the surface density and mass of the disk are higher, rocky cores grew
quick and massive enough to accrete lighter elements directly from the protoplanetary nebula,
producing planets with gaseous atmospheres. Interior to these large gaseous planets, rocky cores
were too small to accrete a thick gaseous envelope and instead gained thinner atmospheres after
the dissipation of the gas disk, creating rocky planets on coplanar orbits (Pfalzner et al., 2015).

Immediately with the discovery of the rst exoplanets, this conception of planetary systems
was challenged. As the rst exoplanet discovered around a main sequence star, 51 Pegasi b
upended the model of inner rocky planets and outer gas giants as it zipped around its host star on
a 4.23 day orbit with a mass of almost half that of Jupiter (Mayor & Queloz, 1995). This discovery
de ned an entirely new category of planets, the “hot Jupiters”, which would dominate the rst
decade of planet discoveries in both the radial velocity and transit searches. This category of
planets was so striking since not only do we not possess any sort of analogue in our Solar System,
but the existence of these gaseous planets so close to their host stars contradicts much of what we
thought possible from the planetary evolution theories we had developed (Lin et al., 1996; Rasio
& Ford, 1996; Weidenschilling & Marzari, 1996). The effort to understand hot Jupiters and how
they arrived at their current positions has already yielded a treasure trove of information on how

planets form and evolve, but there are still many unanswered questions waiting to be addressed.
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1.3.1 Population Features

As stated at the beginning of this chapter, hot Jupiters are de ned as planets with radii
8 R orbiting their host stars on short orbits with pericdslO days (Winn et al., 2010; Wang
et al., 2015; Garhart et al., 2020). Various subclasses of hot Jupiters exist, such as “ultra-hot
Jupiters” that have dayside temperature®,200 K and have distinct atmospheric characteristics
(Parmentier et al., 2018). The de nitionof what constitutes a hot Jupiter is, for the most part,
based on arbitrary distinctions with little physical motivation separating giant planets on orbits
with periods< 10 days from those on orbits with periods10 days, called “warm Jupiters”.
Distinctions such as when the characteristic tidal locking timescale becomes longer than the age
of the system and distance at which a hot Jupiter experiences radius in ation are highly dependent
on stellar and system parameters and cannot be cleanly de ned by a 10 day orbital period cutoff.
As of writing, the NASA Exoplanet Archive currently lists more than 550 con rmed hot
Jupiters. This fraction represents approximatel9oldf all currently known con rmed planets
that it lists. Although this prevalence of hot Jupiters in the observed exoplanetary sample indicates
that these objects constitute a distinct class of planets rather than a handful of outlierg€sthe 10
statistic overstates their occurrence around observed stars. Hot Jupiters are relatively rare in the
Galaxy with only 1% of all sun-like stars possessing a hot Jupiter (Howard et al., 2012; Wright
et al., 2012). This occurrence rate drops off even lower for low-mass stars starting at M dwarfs
and for high mass stars as well starting around A dwarfs (Johnson et al., 2010). This is not to
say that hot Jupiters do not or cannot exist around the lowest and highest mass main sequence
stars, they simply occur at far lower rates. In fact, almost all hot Jupiters tend to orbit around F,

G, and K dwarfs, exhibiting a strong positive correlation between host star metallicity and hot
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Jupiter occurrence (Beleznay & Kunimoto, 2022) but the search for hot Jupiters around the lowest
and highest masses of stars is an active eld of research as it can inform hot Jupiter formation
pathways in these systems (e.g. Gan et al., 2022).

The reason that hot Jupiters comprise so much of the currently known exoplanet sample
despite being relatively rare is that most exoplanet detection methods are biased towards nding
them. In the initial radial velocity searches of the 1990s and early 2000s, multiple orbits of a
planet were required in order to con dently claim a detection as observing multiple periods of a
sinusoidal variation more con dently rules out false positives or instrumental noise. Furthermore,
larger masses result in larger Doppler shifts of the host star, resulting in larger signals that are
easier to detect. Hot Jupiters are not only very massive, but they orbit on short periods, allowing
for more full orbits of a hot Jupiter to be captured by radial velocity searches in a shorter period
of time. Likewise, when looking for transits in photometric data, the same biases exist towards
large planets that create deeper transits and short orbits that allow for a higher signal-to-noise
ratio from the ability to stack more transits on one another. The short orbital periods are also
able to be identi ed and constrained more readily as there are more opportunities to observe a
transit, removing ambiguity in the orbital period much more easily. Additionally, as discussed
in Section 1.1.1, the probability of transits scale proportionally with both proximity to the host
star and planet size. As large planets close to their host stars, hot Jupiters occupy the portion
of parameter space that most planet searches are biased towards. This has led to hot Jupiters
playing an outsized role in our understanding of the internal structure, atmospheric composition,
and orbital architecture of planets outside of our Solar System.

Because of the relatively large sample of hot Jupiters that we have to draw from, we have
been able to probe some of the most baf ing questions about the formation and evolution of this
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class of planets based on the population-wide trends observed. A signi cant fraction of the hot
Jupiters that have been discovered orbit on periods centered ar@tdddays. This is referred

to as the “three-day pileup” (Dawson & Johnson, 2018). It is possible that part of this trend is
due to selection effects stemming from ground-based transit surveys (Gaudi et al., 2005), but it
is likely also due to the evolution of the hot Jupiters over time. Although an orbital perio@ of
days is well beyond twice the Roche limit for most present-day hot Jupiters, it may have been
much closer or even within the Roche limit during the high-eccentricity migration of hot Jupiters
prior to their cooling and subsequent contraction. This would have caused the tidal disruption
of some hot Jupiters with an orbital period less thahdays, resulting in a dearth of remaining
planets interior to this period (Dawson & Johnson, 2018). This observed pile-up may also be
due to disk migration which is expected to bring hot Jupiters to half the corotation period of
less than 5 days. Additional tidal effects also sculpt the hot Jupiter semimajor axis distribution
after formation, causing the observed semimajor axes to deviate from a distribution purely due to
formation mechanism.

Additionally, many hot Jupiters exhibit high obliquity in their orbits, meaning that the plane
of the planet's orbit is misaligned with the rotational plane of the host star. This is in stark contrast
to the results of the formation theories developed from studying our Solar System which hold
that planets form in neatly aligned orbits. The diversity of obliquities observed in the hot Jupiter
population suggests that a variety of these systems underwent dynamically active evolution at
some point in their histories (Wang et al., 2021; Rice et al., 2022).

Another population-wide facet of hot Jupiters is that they are almost always the only planet
in a given star system within a factor of 2 or 3 in orbital distance (Steffen et al., 2012; Knutson
et al., 2014; Endl et al., 2014; Hord et al., 2021). This has led hot Jupiters to being labeled
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Figure 1.6: Pictogram of the distribution of hot and warm Jupiters with nearby companion planets
as a function of orbital period. Hot Jupiters are shown in red and warm Jupiters are shown in
blue. The other nearby planets in their systems are shown in gray and connected to them by a
dashed line. The size of the planets corresponds to their radius. The host stars of each system
are depicted by the circle on the left side of each row, scaled by their radii and colored by their
effective temperature. Only a selection of hot and warm Jupiters are displayed. Warm Jupiters
are far more likely to possess nearby companion planets than hot Jupiters, ¥ of warm

Jupiters orbiting nearby companion planets. Figure from Huang et al. (2020a).
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as “lonely” Jupiters due to the lack of other nearby planets in their systems. This holds true
across the population with only a few exceptions (WASP-47, Kepler-730, TOI-1130, WASP-132;
Becker et al., 2015; @as et al., 2019; Huang et al., 2020a; Hord et al., 2022, respectively). This
is in stark contrast to the warm Jupiters — gas giants on orbits with periods of 10-200 days — of
which 50% have nearby companion planets in their systems (Huang et al., 2016), but as noted
above, the distinction between warm Jupiters and hot Jupiters is not physically-motivated and the
populations may have many similarities that transcend the de ned boundary. Figure 1.6 illustrates
this continuity of hot and warm gas giants with nearby companion planets in their systems.
Section 1.3.2 explores the potential causes of these observed trends among the hot Jupiter

population and the various formation pathways through which hot Jupiters form.

1.3.2 Formation Pathways

Many of the unique population-level characteristics displayed by hot Jupiters can be tied
back to the pathways through which they form. Indeed, the formation of hot Jupiters has been an
active eld of study ever since they were rst discovered by Mayor & Queloz (1995). Oftentimes,
the observed population characteristics can be studied in order to deduce how a hot Jupiter or set
of hot Jupiters formed and the two go hand-in-hand.

One of the competing hypotheses for hot Jupiter formation was that they formed at or
near their current orbits, which was informed heavily by planet formation theories developed
through study of the Solar System. Lin et al. (1996) demonstrated that 51 Pegasi b could not
have formed at its current distance from its host star because the temperatures at that distance

are too great to allow small solid particles to build up a suf ciently large core to accrete gas and
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Figure 1.7: An illustration outlining the three main pathways of hot Jupiter formation. Both of
the formation pathways that invoke planetary migration begin in the upper left corner with the
stage labeled “Ex situ formation” while the in-situ formation pathway begins in the lower left
corner. The arrows are meant to denote the order of each formation mechanism through time.
Figure from Dawson & Johnson (2018).

that the temperature of the star would have evaporated the proto-hot Jupiter. They instead invoked
planetary migration as a probable cause for hot Jupiter formation, where the gaseous planet forms
in the outer part of the stellar system beyond the ice line and migrates inwards.

There are currently three main pathways through which it may be possible for a hot Jupiter
to form: in-situ formation, disk migration, and high-eccentricity migration (Dawson & Johnson,
2018). These formation pathways are illustrated in Figure 1.7. It is likely that a combination of
multiple formation pathways is required to accurately describe the observed hot Jupiter popula-
tion.

In-situ formation: As the name implies, in-situ formation occurs when the hot Jupiter
forms at or near its current position. In order for in-situ formation to be a viable formation path-
way for hot Jupiters, one of two mechanisms of giant planet formation must hold true at such

close distances to the host star: gravitational instability, in which portions of the protoplanetary
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disk fragment into bound clumps that then collapse (Boss, 1997; Durisen et al., 2007), or core
accretion, in which a rocky protoplanet core forms and accretes a gas envelope many times its
mass from the surrounding protoplanetary disk (Perri & Cameron, 1974; Mizuno, 1980; Steven-
son, 1982; Pollack et al., 1996). It is highly unlikely that either gravitational instability or core
accretion could operate at the location of hot Jupiters' current orbits (Ra kov, 2005, 2006).

In the gravitational stability scenario, planets form when the freefall time of a portion of
the protoplanetary disk is high enough to overcome Keplerian sheer. This is parameterized by

Toomre (1964) in the form of the parame(@r

e

—_— 1.2
GP  gas (1.2)

whereT is the temperature, is the mean molecular weighk,is the Boltzmann constar®, is
the orbital periodG is the universal gravitational constant, angks is the gas surface density.
In cases wher€ . 1, the gas disk is unstable and may collapse to form protoplanets. At the
short orbital periods of present-day hot Jupiters, the rapid rotation of the protoplanetary disk and
the high temperatures from stellar irradiation support the local gas against gravitational collapse.
Although the surface density of the protoplanetary disk is higher closer to the star, it is not enough
to overcome the rapid rotation and high temperatures of the region to collapse and form gas giants
(Ra kov, 2005, 2006).

In the core accretion scenario, gas giant planets form when a corée®@M forms and
accretes gas from the protoplanetary disk (Pollack et al., 1996; Ra kov, 2006). To do this, the area
of the protoplanetary disk where hot Jupiters are currently observed must not only have enough

refractory material to grow a 10M core, but must grow it before the gas disk dissipates. This
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is not expected to be the case as the portions of the protoplanetary disk at the short periods of a
hot Jupiter do not have enough solids to build such a massive core, and thus the accretion of a
gaseous envelope never begins.

Work performed by Batygin et al. (2016) reasserts the viability of in-situ formation as a hot
Jupiter formation pathway, although large cores are still required and are dif cult to produce at
the requisite orbital periods. In-situ formation remains a highly unlikely formation pathway for
hot Jupiters, therefore implying that hot Jupiters most likely formed elsewhere and migrated to
their currently observed positions.

Disk migration: In the process of disk migration, a gas giant rst forms in the outer parts
of the stellar system, akin to how the gas giants in the Solar System presumably formed. Prior
to the dissipation of the protoplanetary disk, however, gravitational interactions between the disk
and the gas giant can produce torques on the planet's orbit and cause a migration of the planet
within the disk (e.g. Goldreich & Tremaine, 1980; Lin & Papaloizou, 1986; Lin et al., 1996; Ida
& Lin, 2008).

There are two main types of torques that act upon the planet's orbit due to interaction with
the protoplanetary disk: Lindblad torques and corotation torques. Lindblad torques arise from the
interaction between the planet and the spiral density waves raised by the planet within the disk.
These spiral density waves carry away angular momentum from the planet's orbit, resulting in a
negative torque that causes the planet's orbit to shrink. The amplitude of this effect is based on the
mass of the planet, with more massive planets raising larger spiral density waves on the disk and
enhancing the effect of Lindblad torques (Ward, 1997). Conversely, corotation torques are caused
by the exchange of angular momentum between the planet's orbit and the disk material within
its co-orbital region. These torques are most often positive and result in an outward migration
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(Paardekooper & Mellema, 2006; Duffell & Chiang, 2015). They are highly dependent on the
surface density of the material in the planet's co-orbital region, so in the case of a large planet
that is able to cut a deep channel in its disk, corotation torques will be smaller. In the case of
gas giants that eventually become hot Jupiters, the magnitude of the Lindblad torques is larger
than that of corotation torques, resulting in a net inward migration (Tanaka et al., 2002). This
is referred to as Type Il migration (where Type | migration is when corotation torques are larger
than Lindblad torques).

To prevent runaway migration, this process must be halted at some point prior to the en-
gulfment of the planet by the host star. While the speci ¢ processes may be very case-by-case
dependent, a planet's migration can be halted in a number of different ways. One potentially
dominant halting process is that the protoplanetary disk can dissipate, removing the source of
both Lindblad and corotation torques entirely, leaving the gas giant at the orbital period it was
on at the time of disk dissipation (Trilling et al., 1998, 2002; Lecar & Sasselov, 2003). Another
family of halting processes involves an inner truncation of the protoplanetary disk, beyond which
a planet could not migrate as the disk ends prior to reaching the planet's Roche limit. This can
be due to something such as the host star's magnetosphere or perturbations from another stellar
companion (Rice et al., 2008; Chang et al., 2009).

Disk migration is a dynamically quiet process, oftentimes allowing for multiple planets
to migrate inwards together and preserve the initial relative architecture of the system. It is
often possible for planets in a system that has undergone disk migration to get trapped in orbital
resonance with one another (Malhotra, 1993; Lee & Peale, 2002; Raymond et al., 2006) — when
the orbital periods of two planets are low integer ratios of one another (e.g. 2:1, 3:2, or 3:1
resonance). These resonances can excite the planets into high mutual inclinations, resulting in
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planets that are not all orbiting within the same orbital plane (e.g. Thies et al., 2011; Batygin,
2012; Rogers et al., 2012; Lai, 2015). A lack of observed inner companions in resonant orbits
with the hot Jupiter has historically been interpreted as evidence against disk migration as the
dominant hot Jupiter formation mechanism, although it likely still plays a role in a subset of the
hot Jupiter population.

High-eccentricity migration: Unlike disk migration, high-eccentricity migration occurs
after the protoplanetary disk has dissipated and does not rely on the disk-planet interactions to
drive the gas giant's migration. Instead, the gas giant gravitationally interacts with other orbit-
ing bodies or a stellar yby to extract the planet's angular momentum and place it onto a high
eccentricity orbit that brings it to the inner regions of the stellar system. Once the gas giant is
on a highly eccentric orbit, the tidal interactions between the planet and the star at times of close
approach dissipate the gas giant's orbital energy, causing its orbit to circularize at a semi-major
axis close to the star. At periapse, the gas giant undergoes close passages to the host star, raising
tides on the planet, and dissipating energy as its shape deforms in accordance with the rapidly
changing tidal potential (Fortney et al., 2021).

There are multiple mechanisms that are thought to be able to reduce the gas giant's initial
orbital angular momentum to place the planet on a highly eccentric orbit, all of which involve
interaction with one or more additional bodies. The rst is planet-planet scattering, which con-
verts differences in angular velocity between planets with different semi-major axes into angular
momentum that is transferred from the gas giant to an outer planet, increasing the semi-major
axis of the outer planet while simultaneously decreasing the semi-major axis of the inner one
(Rasio & Ford, 1996; Weidenschilling & Marzari, 1996; Ford & Rasio, 2006; Chatterjee et al.,
2008). This most often occurs in systems that are tightly packed when they form or systems that

30



form with highly eccentric planets (Jar& Tremaine, 2008; Shara et al., 2016). In planet-planet
scattering, the gas giant's eccentricity grows over the course of multiple encounters with an outer
planet. More massive planets closer in semi-major axis to the gas giant produce larger eccentric-
ity changes in the gas giant's orbit, so a planet that will eventually become a hot Jupiter may need
to eject one or multiple planets to achieve the eccentricity necessary for the tidal dissipation to
lead to a hot Jupiter (Goldreich et al., 2004; Ida et al., 2013; Petrovich et al., 2014).

Other mechanisms for perturbing a hot Jupiter onto an eccentric orbit are secular, mean-
ing they are slow exchanges of angular momentum between planets that are often widely sepa-
rated, rather than the shorter timescale of planet-planet scattering (Petrovich, 2015). Although
the main principle of secular interactions is the deposition of the gas giant's angular momentum
into outer planets, the exact mechanism can differ based on the exact architecture of the system.
For instance, in the case of three or more planets, secular chaos can occur, when this angular
momentum transfer occurs chaotically (Wu & Lithwick, 2011). Alternatively, the transfer can
occur periodically through Kozai-Lidov oscillations (Kozai, 1962; Lidov, 1962; Naoz, 2016).
This effect occurs when the orbit of a two-body system (in this case, the gas giant and the star)
is perturbed by a distant third body with either a nonzero mutual inclination or high eccentricity.
This causes the orbital plane of the gas giant to precess and periodically exchange mutual incli-
nation and eccentricity, eventually providing the gas giant with enough eccentricity to circularize
through tidal interactions with the host star and settle in its orbit as a hot Jupiter. This outer
third body can be either a star or a massive planet (e.g. Wu & Murray, 2003; Naoz et al., 2011,
Teyssandier et al., 2013).

One further mechanism for reducing the gas giant's initial orbital angular momentum is
a stellar yby. In this scenario, a nearby star passes close to the outer edge of the planetary
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system and perturbs the orbit of the gas giant in its initial orbit, thus sapping its orbital angular
momentum and placing it on a highly eccentric orbit. This is likely most common in dense stellar
clusters (Shara et al., 2016).

All of these high-eccentricity migration mechanisms are dynamically active and oftentimes
result in the scattering or ejection of one or more planets from the system. Additionally, in scenar-
ios such as Kozai-Lidov oscillations, the orientation of the gas giant's orbit changes periodically
and so it is not uncommon for hot Jupiter systems that have formed via high-eccentricity migra-
tion to exhibit high obliquities (Fabrycky & Tremaine, 2007; Chatterjee et al., 2008). That said, it
is often possible for the tidal interactions between a gas giant and the host star during the process
of orbital circularization to realign the star's spin axis with the hot Jupiter's orbital momentum
vector, decreasing the obliquity of the planet (Winn, 2010; Albrecht et al., 2012).

Regarding the observed population features of hot Jupiters outlined at the end of Section
1.3.1, it is possible to tie many of them to the various formation mechanisms introduced here.
The hot Jupiter population exhibits a3 day orbital period pileup, a mixture of high obliquity
and alignment, and a marked dearth of nearby planets in their systems. Were most hot Jupiters to
form via in-situ formation, it is expected that their orbits would be located at or beyond the edge
of the protoplanetary disk at10 days (Lee & Chiang, 2017), which is not the case, although post
formation migration could have occurred. Hot Jupiters that form via disk migration are expected
to arrive at periods consistent with the observed pileup (Heller, 2019), while high eccentricity
migration predominantly places hot Jupiter systems at or beyond twice the Roche limit (Nelson
et al., 2017), which is beyond the observed pileup, although the orbits can shrink post-migration
due to tidal interaction with the host star (Jackson et al., 2008; Valsecchi et al., 2014). In the

case of obliquity, all formation scenarios are able to produce both aligned and misaligned sys-
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tems. In terms of the dearth of nearby companion planets, high-eccentricity migration is the only
mechanism that is expected to produce such a low occurrence of nearby planets in the system,
matching what has been observed (Steffen et al., 2012; Knutson et al., 2014; Endl et al., 2014).
However, given that high-eccentricity alone cannot explain the period distribution, nor can disk
migration explain the dearth of companion planets, itis clear that multiple formation mechanisms
are required to explain the observed hot Jupiter population (Dawson et al., 2014).

Additional observables such as eccentricity, hot Jupiter radius in ation, semi-major axis
distribution, the age of hot Jupiter host stars, and the atmospheric properties of hot Jupiters, to
name a few, are also critical in understanding the nature and evolutionary history of this unique
population of planets (Dawson & Johnson, 2018). The study of hot Jupiter formation and evolu-

tion is still very active and has yet to reveal all of its secrets.

1.4 Observing Exoplanet Atmospheres

As we have seen through studying our own Solar System, the composition, physical pro-
cesses, and evolution of a planet are not dependent on the dynamics of the orbit or its formation
process alone. Rather, a planet's atmosphere plays an important role in the chemical and phys-
ical processes that de ne an individual planet (Madhusudhan, 2019; Wordsworth & Kreidberg,
2022). Indeed, the atmosphere of a planet is intrinsically tied to a planet's features and evolution
and is as much a part of the planet as its size or orbit (Ei@let al., 2022). But, unlike planets in
our Solar System that can be resolved or even explored in-situ, exoplanets are primarily detected
through indirect methods, making study of their atmospheres dif cult. However, there are two

main methods through which we are able to measure and probe the atmospheres of exoplanets:
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Figure 1.8: An illustration depicting the process of transmission and emission spectroscopy. At
the top middle, a star is depicted with an exoplanet in both transit and eclipse. The bottom shows
the broadband, wavelength-averaged light curve of the system in black and the same light curve at
a speci c resonant wavelength of a chemical species present in the planet's atmosphere inred. As
the planet transits the star, the atmosphere of the planet is more opaque to the wavelength shown
due to the presence of the chemical species in the atmosphere, resulting in a deeper transit depth
that translates to an absorption feature in the spectrum (top left). Similarly, as the star eclipses
the planet, the portion of the light from the thermal emission or re ectance from the planet to the
total brightness of the system is removed, resulting in a measurable decrease. The magnitude of
this decrease at different wavelengths depends on the presence of chemical species resonant with
that frequency in the planet's atmosphere and can be used to create a spectrum of this thermal
and re ected emission (top right). Figure from Sing (2018).

transmission and emission spectroscopy. These processes are described here and illustrated in
Figure 1.8.

Transmission spectroscopy exploits the fact that a planet's atmosphere exists on the outer
layers of the planet and that its opacity varies as a function of wavelength (e.g. Smith & Hunten,
1990; Eaton, 1993). As the planet transits in front of its host star, light from the star passes
through the annulus around the edges of the planet's surface that is comprised of the planet's

atmosphere. At different wavelengths of light, different chemical species present in the atmo-
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sphere will absorb this light more strongly, causing the opacity of the atmosphere to vary with
wavelength and thus make the planet's radius appear larger or smaller. This difference in appar-
ent planet radius, in turn, affects the depth of the planet's transit as a function of wavelength,
with deeper transits at wavelengths that are more heavily absorbed and vice versa (Seager &
Sasselov, 2000; Brown et al., 2001; Hubbard et al., 2001). Itis possible to assemble a “transmis-
sion spectrum” from measurements of transit depth across a range of wavelengths to determine
which chemical species may be present in the atmosphere of the planet (e.g. Bean et al., 2010;
Kreidberg, 2018; Lustig-Yaeger et al., 2023).

While transmission spectroscopy takes advantage of the proportion of light that the planet
blocks, emission spectroscopy exploits the fact that the planet itself can often emit its own light
or re ect that of the host star (Collier Cameron et al., 1999; Charbonneau et al., 1999b; Stevenson
etal., 2014). When observing the system, itis actually the light of the host star plus the light of the
planet that is being captured. In most cases, the light of the planet is insigni cant compared to that
of the star with our current detection capabilities. However, for many of the largest and/or hottest
planets, this emitted light is non-negligible and as the planet passes behind the star, this light is
blocked and a decrease in the overall brightness of the system is observed, called a “secondary
eclipse” (e.g. Deming et al., 2005; Knutson et al., 2007; Agol et al., 2010). The depth of this
eclipse is wavelength-dependent and varies based on the proportional contribution of emitted and
re ected light as well as the presence of chemical species in the atmosphere of the planet that
alter the amount of light emitted or re ected at a speci ¢ wavelength. In a manner similar to
transmission spectroscopy, it is possible to assemble an “emission spectrum” from measurements
of the secondary eclipse depth as a function of wavelength to study the physical processes and

chemical composition of the planet's atmosphere (e.g. Stevenson et al., 2010; Arcangeli et al.,
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2018; Greene et al., 2023).

Using transmission spectroscopy, emission spectroscopy, or both in conjunction provides a
wealth of information about a planet's atmosphere, not only in terms of chemical composition, but
in terms of structure as well. One of the primary goals of atmospheric observations is to deduce
the vertical structure of the atmosphere in terms of the pressure and temperature, referred to as the
temperature-pressure (T-P) pro le (e.g. Seager & Sasselov, 1998; Barman et al., 2001). The T-P
pro le is informed by a myriad of factors such as the internal and external heating sources of the
planet, the presence of condensed material such as clouds and aerosols at different levels of the
T-P pro le, and circulation and transport of energy throughout the atmosphere (Madhusudhan,
2019). Investigation of these factors is chie y accomplished through the process of modeling,
where physically motivated models are t to the observed transmission or emission spectra in
order to constrain the presence of speci c chemical species or the effects of various physical
processes such as the C/O ratio and atmospheric heat redistribution (e.g. Showman et al., 2009;
Line et al., 2013). The eld of exoplanet atmospheric modeling is vast and active, and although
it resides mostly outside the purview of this dissertation it is necessary to discuss due to its
interconnectedness with planetary formation, observable properties, planet discovery, and the
transit method itself.

The rst instance of a successful measurement using these techniques to observe an exo-
planet's atmosphere was performed by Charbonneau et al. (2002a). This team used the Hubble
Space Telescope to observe transits of the planet HD 209458 b to detect the sodium resonance
doublet in the atmosphere of the planet. Since then, over 100 exoplanets have had their at-
mospheres measured via either transmission or emission spectroscopy using a variety of both

ground- and space-based observatories. The earliest observations of exoplanet atmospheres re-
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lied largely on broadband photometric Iters or low-resolution spectroscopy to make inferences
about atmospheric composition (e.g. Charbonneau et al., 2005; Deming et al., 2005; Knutson
et al., 2008; Cross eld et al., 2010). Over time, however, the development of new observing
facilities and instruments has widened our ability to probe exoplanet atmospheres at greater pre-
cision than ever before. With the launch of JWST, it is now possible to push the limits on the size
of planets we can con dently expect to observe atmospheres around, but such a boundary has yet
to be established (e.g. Tsai et al., 2023; Miles et al., 2023). Much excitement exists about the
potential to detect atmospheres on terrestrial planets, but it has yet to be seen whether or not this
is possible.

Indeed, JWST has already begun to revolutionize our understanding of exoplanet atmo-
spheres with its superior precision and resolution. JWST is able to regularly ach2&/ppm
photometric precision or better on exoplanet targets when observing either in transmission or
secondary eclipse (e.g. Fu et al., 2022; Tsai et al., 2023; Bean et al., 2023; JWST Transiting
Exoplanet Community Early Release Science Team et al., 2023). Furthermore, JWST has a
wide range of observable wavelengths, spanning from 0.6 tomi 2or its transiting exoplanet
spectroscopy modes and encompassing an unprecedented range of spectral features that are ob-
servable at a maximum spectral resolution of RB600 (Gardner et al., 2006, 2023). This is
in contrast to a previous workhorse of exoplanet atmospheric observations, the Hubble Space
Telescope, which, although delivering a host of groundbreaking atmospheric observations (e.g.
Charbonneau et al., 2002a; Vidal-Madjar et al., 2004; Kreidberg et al., 2014), can only reach a
photometric precision of 20ppm in some cases under ideal conditions (Line et al., 2016), is lim-
ited to wavelengths below 1.7m, and typically only reaches spectral resolutions of R30

for exoplanet atmospheres with its Wide Field Camera 3 instrument (e.g. Edwards et al., 2020).
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Because of the improvement from previous facilities, JWST has detected traces of disequilib-
rium chemistry in the atmosphere of an exoplanet (Tsai et al., 2023), searched for signs of an
atmosphere around rocky planets (Greene et al., 2023), observed de nitive evidence for carbon
dioxide in the atmosphere of WASP-39 b (JWST Transiting Exoplanet Community Early Release
Science Team et al., 2023), and more that was not possible with observatories such as Hubble or
Spitzer. Identifying interesting exoplanetary targets for observation with JWST is therefore cru-
cial in probing and enriching our understanding of exoplanet atmospheres.

Hot Jupiters continue to play an outsized role in our understanding of exoplanet atmo-
spheres (Dawson & Johnson, 2018; Fortney et al., 2021). Transmission spectroscopy is biased
towards planets with transits that have high signal-to-noise ratios. This is due primarily to the sen-
sitivity of transmission spectroscopy to how precisely the depth of a transit can be measured and
a potential change in depth distinguished from wavelength to wavelength. Larger transits often-
times provide higher signal-to-noise ratios, which are in turn caused by larger planets with many
transit events that can be combined such as hot Jupiters. Furthermore, emission spectroscopy re-
guires that the planet emit thermal emission or re ect light from the host star at levels detectable
with current facilities. Hot Jupiters, as the name implies, are some of the hottest planets currently
known and therefore emit large amounts of thermal radiation. Additionally, they also have large
solid angles that allow them to re ect much more light from the host star than smaller planets.
Thus, the depths of the secondary eclipses from hot Jupiters are much larger than other planets
and are more easily detectable. This is all to say that a great deal of our observational knowledge
of exoplanet atmospheres stems from our study of hot Jupiters and will continue to do so.

In the chapters that follow, | will employ each of the concepts described in the introduction

in the form of original research to probe the hot Jupiter companion rate, hot Jupiter formation,
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and the capabilities and priorities of exoplanetary atmospheric characterization with JWST going
forward. All projects are connected by the thread of vetting and validation of transiting exoplanet

candidates but each uses these techniques to examine different core science concepts.
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Chapter 2: A Uniform Search for Nearby Planetary Companions to Hot Jupiters

in TESS Data Reveals Hot Jupiters are Still Lonely

2.1 Overview

We present the results of a uniform search for additional planets around all stars with con-
rmed hot Jupiters observed by the Transiting Exoplanet Survey Satellite (TESS) in its Cycle 1
survey of the southern ecliptic hemisphere. Our search comprises 184 total planetary systems
with con rmed hot Jupiters wittR, > 8R and orbital periock 10 days. The Transit Least
Squares (TLS) algorithm was utilized to search for periodic signals that may have been missed
by other planet search pipelines. While we recovered 169 of these con rmed hot Jupiters, our
search yielded no new statistically-validated planetary candidates in the parameter space searched
(P < 14 days). A lack of planet candidates nearby hot Jupiters in the TESS data supports results
from previous transit searches of each individual system, now down to the photometric preci-
sion of TESS. This is consistent with expectations from a high eccentricity migration formation
scenario, but additional formation indicators are needed for de nitive con rmation. We injected
transit signals into the light curves of the hot Jupiter sample to probe the pipeline’'s sensitivity to
the target parameter space, nding a dependence proportiofg ¥ %% for planets within

0.3 R, 4R and1 P 14 days. A statistical analysis accounting for this sensitivity provides
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a median an@0%con dence interval of7:3"12.:29% for the rate of hot Jupiters with nearby com-
panions in this target parameter space. This study demonstrates how TESS uniquely enables

comprehensive searches for nearby planetary companions to nearly all the known hot Jupiters.

2.2 Introduction

Hot Jupiters (HJs) were among the most surprising class of planets discovered by the rst
exoplanet surveys. Both the rst exoplanet discovered around a main sequence star (Mayor &
Queloz, 1995) and the rst known transiting exoplanet (Charbonneau et al., 1999a; Henry et al.,
1999) were HJs. With radii oR, > 8 R and orbital periods oP < 10 days (Wang et al.,

2015; Winn et al., 2010; Garhart et al., 2020; Huang et al., 2016), HJs are unlike any planet

in the Solar System. Many scenarios have been put forth to explain the existence of HJs, such

as disk migration (Lin et al., 1996), high-eccentricity migration (HEM; Rasio & Ford, 1996),

in situ formation (Mayor & Queloz, 1995), and many others; however, none of these formation

mechanisms can explain the observed properties of every HJ system (Dawson & Johnson, 2018).

Notably, HJs are often the only detected planet in their systems out to an orbital period of

200 days (Knutson et al., 2014; Endl et al., 2014, Steffen et al., 2012). Previous searches for

companions to HJs using ground- or space-based data have returned only three known systems

(WASP-47, Kepler-730, and TOI-1130) with a HJ and nearby companion planets, out of the

many hundreds of currently con rmed HJ systems (Becker et al., 2015; Zhu et al., 20i&s Ca

et al., 2019; Huang et al., 2020a). The radii of these companions are 3,238 R , 1.57 R,

and 3.65 R for WASP-47 d, WASP-47 e, Kepler-730 ¢, and TOI-1130 b, respectively, making

them all smaller than Neptune. Combined with their shot@ days) orbital periods, the transit
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signals from this class of small planets could be easily missed by planet search pipelines or in
noisy data.

The apparent lack of nearby companions in the vast majority of HJ systems supports the
idea that HJs form beyond the ice line and migrate inwards via HEM, which would destabilize the
orbits of any shorter-period planets in the system (Mustill et al., 2015). This may not be the full
story however, since not only are some systems known to have companion planets, but statistical
work based on photometric observations suggests that some fraction of HJ systems could have
formed via methods other than HEM based on the lack of eccentric proto-HJs observed (Dawson
et al., 2014), although it is dif cult to rule out HEM entirely for these systems.

This leaves the formation mechanism for many HJs largely a mystery with multiple pos-
sibilities for a given individual system. It is possible that the three unique HJs with companion
planets named above formed via a different mechanism from many of the other HJs or that they
may simply be rare variants of HJs. Comprehensive searches for companion planets to HJs could
reveal additional nearby companions to HJs or support previous ndings as to the “loneliness” of
HJs.

All-sky transit surveys conducted with ground-based telescopes typically do not reach the
photometric precision needed to identify shallow transit signals of small, nearby companions to
hot Jupiters (Pollacco et al., 2006; Bakos et al., 2004; Pepper et al., 2007). The Kepler and K2
missions led to the discovery of two of three known HJ systems with nearby companion planets
(Becker et al., 2015; Ges et al., 2019), but both missions surveyed only a small fraction of
the sky (Borucki et al., 2010; Howell et al., 2014). TESS has enabled nearly-full-sky coverage
observations with space-based photometric precision optimized for the discovery of exoplanets
around bright stars and presents an excellent opportunity to nally conduct a uniform search
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for these additional, closely-orbiting planets. In fact, TESS has already begun to demonstrate
its usefulness in the search for HJs with companions since the most recent of the systems with
companions near an HJ (TOI-1130) was discovered by TESS (Huang et al., 2020a).

Much of the TESS data, including most of the HJ systems, are searched by the TESS
Science Processing Operations Center (SPOC) pipeline (Jenkins et al., 2016) and/or the MIT
Quicklook Pipeline (QLP; Huang et al., 2020b,c) prior to each data release to the general pub-
lic. After extracting simple aperture photometric light curves from the calibrated pixel data, the
SPOC pipeline identi es and corrects instrumental systematic errors and ags bad data with the
Presearch Data Conditioning (PDC) module (Smith et al., 2012; Stumpe et al., 2012, 2014). The
SPOC then searches through the resulting BE}® light curves using a wavelet-based, adap-
tive matched Iter algorithm to detect signatures of potential transiting planets (Jenkins, 2002;
Jenkins et al., 2010; Jenkins et al., 2017). Limb-darkened transit models are tted to each of
these “threshold crossing events” (Li et al., 2019a), and are then subjected to a suite of diagnostic
tests by the Data Validation (DV) module to help adjudicate the planetary nature of each signal
(Twicken et al., 2018a). The TESS Science Of ce reviews the DV reports and diagnostics and
promotes and releases compelling cases as TESS Objects of Interest (TOI) for follow up and
characterization. Parallel to the SPOC, the QLP extracts its own light curves from the TESS
data and searches all targets down fbraag of 13.5 using a Box Least Squares (BLS) search
algorithm (Guerrero et al., 2021; Huang et al., 2020b,c).

Here, we implement in our pipeline the recently published Transit Least Squares (TLS)
algorithm (Hippke & Heller, 2019). Unlike BLS, TLS utilizes a realistic transit model derived
from tting 2,346 known exoplanet light curves that takes into account many of the physical
parameters of the system, such as host star mass, radius, and limb darkening parameters. Most
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notably, TLS provides a P4 increase in detection ef ciency for the signals produced by smaller
planets over BLS (Hippke & Heller, 2019), although some work has shown that realistic transit
shapes only provide as low as &% sensitivity increase if BLS is suf ciently well-sampled
(e.g., Jenkins et al., 1996). This higher detection ef ciency provides the opportunity to recover
a greater proportion of planets with smaller radii than BLS. It also opens up a parameter search
space complementary to the QLP and SPOC pipeline and increases the signi cance of signals
considered marginal by BLS. It should also be noted that there has, as of yet, been no direct
comparison between TLS and the search conducted by the SPOC pipeline in terms of sensitivity.
In this chapter, we present a uniform search for nearby transiting companions to all con-
rmed HJs observed in the southern ecliptic hemisphere by TESS during its Cycle 1 observations
that is meant to be independent of the SPOC and MIT pipelines. Itis well-documented that differ-
ent search pipelines often have different recovery rates and result in transit detections in different
parts of the planetary parameter space (e.g., Kostov et al., 2019a; Kruse et al., 2019). Therefore,
we searched for transit signals assuming no prior knowledge of SPOC pipeline or QLP detections
with the aim of providing a separate search that utilized different search methods. Our search is
uniform for signals with periods 14 days ( half the duration of a TESS sector) and potential
planets withR, 4 R around HJ-bearing systems with host stars of 7Bmag 19.9 in the

TESS Cycle 1 data.

2.3 Target Selection and Data Acquisition

For the purposes of this study and in order to encompass a wide data set, a planet was

considered a hot Jupiter if it had an orbital periodPof< 10 days and a radius d&®, > 8R
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Figure 2.1: A schematic outline of the processing pipeline used in this study. lllustrated are

the major steps in the search for additional transit signals in each TESS light curve as well as
conditions which, if met, caused a target to advance to the next stage of analysis. In the nal
loop of the pipeline after the transit search, signals underwent an initial round of vetting and

validation withDAVE(Discovery and Validation of Exoplanets) amdspa before being mod-

eled byexoplanet . After the signals were modeled and more precise transit parameters were

acquired, the signals were run througAVEandvespa once more for a nal round of vetting

and validation using these more precise parameters.

0.71R; (Wang et al., 2015; Winn et al., 2010; Garhart et al., 2020; Huang et al., 2016). The
NASA Exoplanet Archivé was queried on January 6, 2020 with these parameters, resulting in a
dataset comprised of 437 con rmed HJs. The R.A., decl.,, Common Name, Orbital Period, and
Radius of each planet were downloaded for use in our analysis pipeline, which is shown in Figure
2.1.

This study was restricted to the rst year of the TESS prime mission, which covered the
southern ecliptic hemisphere and corresponds to TESS Sectors 1-13. This complements obser-
vations being collected currently in the TESS extended mission, where TESS is revisiting the
southern ecliptic hemisphere between July 2020 and June 2021. We uSexttioat module
of the astroquery.mast Python package (Brasseur et al., 2019a) to determine that 183 of

the total 437 HJs in the dataset were observed in the rst 13 sectors of the TESS prime mission.

https://exoplanetarchive.ipac.caltech.edu/
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The TOI-1130 system was added in after the creation of this HJ data set due to the discovery of a
nearby companion to the HJ in the system. This brought the total data set up to 184 HJs spanning
0.77 days to 9.62 days in orbital period and 9.41tB21.41 R in radius.

The host stars for these systems have effective temperatures ranging from 3749 K to 9364
K and 976 of the targets fall within the main sequence F, G, and K type stellar classi cations.
The 5 targets that do not fall within the F, G, and K stellar classi cations are all classi ed as
main sequence A type stars. There is only one young star in the sample - DS Tuc. Additional
information on each of these targets can be found in the TESS Input Catalog Version 8 (TIC;
Stassun et al., 2019a) and all subsequent analysis uses stellar values gathered from the TIC.

In the prime mission, the four TESS cameras captured a Full Frame Image (FFI) of each

27-long day observation sector every 30 minutes whi#®0,000 pre-determined targets had a

smaller image captured at a cadence of 2 minutes, providing superior data quality for determining
transit parameters. All TESS data are calibrated by the SPOC at NASA Ames Research Center.
The targets observed at 2-minute cadence also have Pre-search Data Conditioning (PDC) light
curves which are systematic error-corrected using an optimal photometric aperture (Smith et al.,
2012; Stumpe et al., 2014; Jenkins et al., 2016). These light curves have also been corrected for
instrumental signals and contaminating light from nearby stars. There were 126 of the 184 HJs
observed in the rst 13 sectors of the TESS mission that were observed at 2-minute cadence and
had PDC light curves generated in addition to the longer 30-minute cadence data extracted from
the TESS FFIs. Both cadences for each target were used in this analysis.

The 2-minute PDC light curves were downloaded from the Mikulski Archive for Space
Telescopes (MAST) while the 30-minute light curves were extracted from the TESS FFlIs using

theeleanor Python package, an open-source tool to produce light curves for objects (Feinstein
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et al.,, 2019). In shorteleanor generates light curves for various combinations of pre-set
apertures to determine which aperture minimizes the combined differential photometric precision

(CDPP) for data binned to a cadence of 1 hour.

2.4 Transit Search, \etting, and Validation

After each light curve is extracted, Transit Least Squares (TLS) is used to search for pe-
riodic, transit-like signals. Signi cant signals are then passed thrdd@WE (Discovery and

Validation of Exoplanets) for vetting andgespa for validation.

2.4.1 Periodic Signal Search

We used the methods presented in Heller et al. (2019) as a guide to prepare the TESS
light curves for our planet search and for implementing the TLS algorithm. The light curves
were iteratively clipped of outliers 3 and detrended usidgghtkurve ‘s built-in flatten
method (Lightkurve Collaboration et al., 2018a) which applies a Savitzky-Golay Iter to remove
low frequency trends in the light curve by tting successive sub-sets of adjacent data points with a
low-degree polynomial. A window length of0.5 days was selected as it compromises between
a short enough window to remove stellar variability while still keeping transits intact since the
transit duration for all HJs in the sample ar® hours. Known HJ transits were masked during
this Itering using the orbital periods and transit epoch queried from the MAST. TLS was then
run on each processed light curve using the default settings and input stellar parameters from
the TIC. We considered a periodic signal to be signi cant if its signal detection ef ciency (SDE)

> 7.0, which corresponds to a false alarm probability (FAP) that the signal is a result of statistical
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uctuations of< 1% based on 10000 transit injection simulations performed by Hippke & Heller
(2019) using the TLS algorithm on simulated Kepler data with a time baseline of 3 years.

Both the 30-minute cadence and 2-minute cadence light curves were run separately through
the transit search as two independent searches of all available data using identical methods for
both. Additionally, if a target had more than one sector of data, a transit search was run on each
sector individually as well as on the full, combined light curve. This was done to mitigate sector-
dependent systematic effects (e.g., impacts of scattered light). For each target, only signals with
a period of up to half the total observation length were considered to ensure at least two transits
were contained within the observation. Because many targets were only observed for a single
TESS sector (28 days), we cannot rule out the existence of transiting planets beyond a period
of 14 days and are most con dent for signals wih< 14 days.

Each target was searched with both the TLS “default” shape (more U-shaped) as well as
the “grazing” shape (more V-shaped) to maximize the SDE of any possible signals found. TLS
was run iteratively for each shape and sector/cadence combination until the signal recovered did
not meet the SDE 7.0 criterion. For each iteration, previous signi cant signals were masked
out of the light curve for subsequent runs. No more than 2 signi cant signals in addition to the
HJ were found for any target.

For each TLS iteration, key diagnostic parameters were output to a “vetting sheet” which
allowed for quick visual vetting of signals to identify any as obvious noise. The vetting sheet
contains information such as best- t orbital parameters, the phase-folded light curve, an odd-
even transit comparison, the periodogram, a half-period check, and other items that are useful
in determining whether a signal could be real or spurious. See Figure 2.2 for an example of the

vetting sheet used.
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Figure 2.2: Example of the information printed on the vetting sheet for a single TLS iteration (i.e.
detection of a single periodic signal). From top to bottom: orbital and system information for the
signal, light curve phase-folded to period of the detected signal, raw light curve with removed
trend overlaid, attened light curve with transit model from TLS overlaid and in-transit points
highlighted, TLS periodogram with strongest signal and integer multiples highlighted, light curve
phase folded viewed a half phase apart from the transit with transit duration highlighted to search
for secondary eclipses, odd/even transit comparison.
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The TLS search of the 126 HJ systems in the 2-minute cadence data yielded 242 non-HJ
signals with SDE> 7.0. There were zero new, non-HJ signals in the 30-minute FFI light curves
after initial vetting removed all detected signi cant signals. This lack of signals in the FFI light
curves is likely due to imperfect background subtraction or correction, the sparser sampling of the
longer cadence, or instrumental effects that would otherwise be removed by the SPOC pipeline
for 2 minute cadence data. It is worth noting that there were some marginak (SDE <
7.0) detections of periodic signals in both cadences. Due to the lack of signals recovered in the
FFI data, subsequent data, methods, and results will pertain to 2-minute cadence data only. All
signals with a SDE 7.0 were passed along for further vetting and validation as described in the
following sections.

To ensure that the search did not miss signals that may have been inadvertently diluted by
the attening procedure, we also searched the PDCedeanor -corrected light curves without
attening as well as the Simple Aperture Photometry (SAfganor PSF, ancleanor PCA
light curves, with and without attening. We found 2,434 non-HJ signi cant signals, 43 of which
could not be immediately thrown out as noise. Nine of the signals that could not be ruled out as
noise were also found in the search of the attened PDC light curves. The remaining 34 signals
were heavily scrutinized prior to any further analysis and all of them were rejected as potential
candidates on the basis of transits overlapping with unsubtracted in-transit points from the HJs,
unrealistic planet parameters, ®b60% of transit events on the edge of the observation window
or in observation gaps.

Nine of the 126 HJs with 2 minute cadence data were not recovered by the TLS search with
a SDE> 7.0. Of these 9 HJs that were not recovered, 7 HJs were around host stafawéth

& 13.1, 1 HJ was located near the galactic disk with a high degree of crowding, and 1 HJ orbits a
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host star with extreme stellar variability. Six of the 58 HJs with only 30 minute FFI cadence were
not recovered. Four of these HJs were around host starshwiidg & 13.8, 1 HJ was around a
host star with large stellar variability, and 1 HJ was located near the galactic plane and suffered

from a high degree of crowding.

2.4.2 DAVEAnalysis

TheDAVEtool is an open-source Python package that wraps many common exoplanet vet-
ting tools (Coughlin et al., 2014a, e.Bobovetteyinto one streamlined pipeline. This software
has been extensively used to vet planet candidates froepler mission (Hedges et al., 2019;
Kostov et al., 2019a; Kostov et al., 2019b) and the TESS mission (Cross eld et al., 2019; Kos-
tov et al., 2019b) DAVEperforms light-curve based vetting tests (odd-even transit comparison,
a search for transit-like features due to light curve modulations, secondary eclipse checks) and
image-based vetting tests (photocenter shift during transit).

Each signi cant periodic signal recovered with TLS was passed thraug¥iEand those
that failed any of its modules were agged for further inspection and removed from the analysis
pipeline. IFDAVEanalysis agged a signal in error, the signal was returned to the general pool of
vetted signals. In total, 50 out of the initial 242 recovered signals passed DAVE vetting, although
not all DAVE modules were able to run successfully for each signal. This is because in many
cases, the transits of potential new signals overlapped with or were too close to those of the HJs,
causingDAVEto run each module for the HJ multiple times instead of once for each of the signals
in the light curve. This issue mostly affected the light-curve vetting tests and the image-based

centroid vetting tests ran successfully for the majority of the target systems.

51



2.4.3 VESPA Validation

To complemenDAVEanalysis, we usedespa (Morton, 2012a, 2015a) to calculate the
false-positive probabilities of each signal. When provided stellar parameters, celestial coordi-
nates, and orbital parameters, this package compares transit-like signals to a variety of astrophys-
ical false-positive scenarios including an unblended eclipsing binary (EB), a blended background
EB, a hierarchical companion EB, and the ‘double-period’ scenarios for each of these EB possi-
bilities. All stellar parameters used in thhespa analysis were queried from the TIC for each
individual target system (Stassun et al., 2019a). Orbital and planetary parameters from the TLS
search output were used as inputs for the rst round/@dpa validation for each signal. If
signals were successfully validatedvmspa and proceeded to thexoplanet modeling step
outlined in Figure 2.1, the orbital and planetary parameters from this modeling were used for
a secondary round ofespa validation. The light curves used in the TLS search outlined in
Section 2.4.1 were folded according to the best- t orbital period and mid-transit time (t0). These
phase-folded light curves were used in @spa analysis, oftentimes binned to reduce the scat-
ter in the light curve and prevent an invalid t of the transit shape or unreasonable posterior
values.

A vespa input parameter of particular sensitivity is the maximum aperture radiagrad
interior to which the signal must originate. This parameter strongly affects the likelihoods of the
background eclipsing binary scenarios tliespa considers and is very dependent on sky po-
sition and the instrument used. We queried @&a DR2 catalog within the SPOC pipeline
extraction aperture to identify nearby background sources that are within 6 magnitudes of the

target in theGrp band (630 - 1050 nm Brown et al., 2018). This band was chosen for its large
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overlap with the TESS band (600 - 1000 nm Vanderspek et al., 2018 makedparameter was

then set to the outermost background source meeting this criterion within the extraction aperture.
If no background sources within the extraction aperture met this criteriomaxeadparameter

was conservatively set to 2” to account for possible target position offset and the resolution of
Gaia. We note that, given the high resolution®éia, this maxradparameter could be reduced

to an even lower value in more thorough treatments of individual sources.

The maximum depth for a possible secondary eclipssfa 's secthrestparameter) was
used from the secondary eclipse depth output fldAVEIf modshiftsuccessfully ran a given
target. Otherwise, a quick TLS search was performed for secondary transit-like features and that
depth was used for theecthrestparameter.

This vespa routine was repeated up to 25 times for each signal binned with values be-
tween 1 and 25 data points per bin. This was done to mitigate any variations between individual
vespa simulations and because oftentim@&spa was unable to correctly t a transit shape to
the light curve or there was an error with calculating the posterior distributions of one or more as-
trophysical scenarios. Theespa simulation with the lowest binning value that did not produce
an error was kept for each signal.

If the false positive probability (FPP) from the kepspa simulation< 1%, we consid-
ered the signal to be statistically validated and the transit signal classi ed as a bona de planet
candidate. These FPP values calculated are likely upper limits gesga analysis does not
account for any likelihood increase due to a multiplicity boost from the con rmed HJ in each
system. A multiplicity boost is the decrease in the FPP that a planet candidate gets from having
other con rmed planets in the system since statistical work has demonstrated that systems con-

taining multiple transit signals are more likely to be true planets than systems with only a single
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periodic signal (Lissauer et al., 2012a). The exact multiplicity boost has not yet been calculated
for TESS, therefore we elected to keep signals with a FPP wal@o in the analysis as possible
“marginal” signals in case any of them could pass below tidtreshold when the multiplicity
boost is calculated This could very well be the case if the TESS multiplicity boost is at all
similar to that calculated fdkeplerin Lissauer et al. (2012a).

Of the 50 signals that passed DAVE vetting, 14 produced an FPP vatue84 for at least
one of itsvespa iterations with 3 of these 14 signals producing an FPP vall#. These 14
signals were passed éxoplanet for more detailed modeling.

It is worth noting thavespa only tests against the six astrophysical false positive scenarios
and does not take into account potential contamination from instrumental effects. While the
instrumental false alarm rate for TESS has yet to be calculated, the TESS detectors exhibit fewer
electronic noise artifacts thalkepler’, which this software was developed on and where the
FPP< 1% validation threshold was established (Coughlin et al., 2014a; Krishnamurthy et al.,
2019; Vanderspek et al., 2018). Therefore, we believe it is safe to assume thdbtRERL
threshold still holds here for TESS. However, as we discuss in Section 2.5, the 14 signals that
we identi ed as passing theespa validation were subsequently determined to be instrumental
effects after detailed light curve modeling and further manual inspection. Sasma only
tests for astrophysical false positives, these instrumental effects would not necessarily have been

caught byvespa as non-planetary signals.

2We note that the muiltiplicity boost for TESS planets in general may be different from that of HJ systems
speci cally since there is strong evidence that HJ systems exhibit different planet clustering behavior than other
planetary systems. Such a calculation is outside the scope of this work and marginal signals are included in this
study to be as thorough as possible in light of an unknown multiplicity boost.

3https://archive.stsci.edu/kepler/manuals/KSCI-19033-001.pdf and  https:
[/larchive.stsci.eduf/files/live/sites/mast/files/home/missions-and-data/
active-missions/tess/_documents/TESS_Instrument_Handbook _v0.1.pdf
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Figure 2.3: Examples of best- t models witxoplanet for 2 minute cadence data (left,
WASP-121 b) and 30 minute cadence data (right, HATS-67 b). Green points correspond to bin-
ning such that 19 points appear within the bounds of each axis. The transit model based on best- t
sampled posterior values is plotted in orange with light orange shading to represent the extent of
1 errors.

2.5 Determination of Precise Planet Parameters

TLS uses a period and transit duration search grid calculated upon initialization based on
stellar properties and light curve length that is used to nd periodic transit-like signals in a light
curve (Hippke & Heller, 2019). This grid can be oversampled for greater precision in period and
duration of a transit-like feature, however this can quickly become computationally expensive
and may still not produce the most precise orbital parameters. To remedy this, we used the
softwareexoplanet  (Foreman-Mackey et al., 2019) on only the periodic signals that passed
throughDAVEandvespa . exoplanet is a toolkit for probabilistic modeling of transit and
radial velocity observations of exoplanets using PyMC3. This is a powerful and exible program
that can be used to build high-performance transit models and then sample them through Markov

Chain Monte Carlo (MCMC) simulations to provide precise transit and orbital parameters.
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Table 2.1: Table listing the number of new signals that passed each stage of the pipeline.

Pipeline Stage # of Signals Passed
TLS Search 242
DAVEVetting 50
vespa Validation 14
exoplanet Modeling 0

Examples ofexoplanet -sampled HJ transits from our analysis is shown in Figure 2.3
with both 2 minute and 30 minute cadence datxoplanet was run to determine planet
parameters for each of the 169 recovered HJs and the 14 new signals statistically validated to a
FPP<10% by vespa . Through these detailed light curve model ts, we concluded that none
of these signals arise from planets. Instead, they are noise, systematics, or integer multiples of
improperly-subtracted HJ transits based on the best- t transit parameters. These signals likely
passed through the initial light curve detrending since they were variable on the same timescale
as a typical transit duration and were sector- or CCD-speci c features in the TESS data that were
missed by the SPOC pipeline's detrending and our subsequent detrendinghtitiarve
Furthermore, TLS may not have accurately determined the duration of the HJ transits in the
system due to its more sloping ingress and egress model rather than the sharp edges of BLS,
causing the wings of the transit to be left behind after HJ transit subtraction.

Although no new promising planet candidates were found, we usxttrganet  models
for these systems to provide a uniform set of updated orbital and planet parameters derived from
TESS data for each of the HJs. These values can be found in a machine-readable le as part of

the online version of this work (Hord et al., 2021).
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2.6 Companion Rate Estimation

Although no new planet candidates were discovered through our search, it is still possible
to place an upper limit on the rate of companion planets per HJ in the sample of systems used
here. To do this, we need to know the ef ciency at which our pipeline can recover transit signals
so that we can correct our non-detection of additional companion planets for completeness of
the search. In order to determine this ef ciency, we performed a series of transit injections into
light curves with known HJs that were then run through our implementation of TLS to probe
the recovery rate of this method within different parameter spaces. For our detection ef ciency
calculation and subsequent estimation of the rate of companion planets per HJ, we only consider
the 168 HJs that we are able to recover with our search pipeline after removing TOI-1130 since it
was added after the target list was generated and would bias the statistical analysis. Furthermore,
transit injection and successful recovery serves as an independent check and validation of our
transit search algorithm implementation.

To perform these simulations, we used Begman Python package (Kreidberg, 2015) to
generate arti cial transits that were injected directly into the TESS PDC light curves of all 117
HJs that were recovered in the 2 minute cadence TESS data. The 9 PDC light curves in which the
HJ was not recovered were not included in these simulations. By injecting simulated transits into
real TESS data, we were able to obtain more realistic transit recovery scenarios than if synthetic
light curves were used.

We simulated 57,000 planet transits with randomly and uniformly sampled orbital pe-
riod, planet radius, orbital inclinatiom)( injected into one of the 117 HJ light curves, randomly

selected for each iteration. These HJ light curves orbit around host stars withTESS mag-
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Figure 2.4: Grids displaying the recovery rates for each bin in the entire period and radius space
simulated. The color in each cell denotes the fraction of injected planets recovered, averaged
over all host star magnitudes and simulated inclinations in that slice of period-radius parameter
space. Values of 5e-4 were rounded to O for clarity. Simulated transiting planets of all S/N are
included. See Section 2.6 for further detaileft: Values in the cells denote the recovery rates

of that slice of parameter space. Errors represent the square root of the number of successfully
recovered injections divided by the total number of injections in each Redht: Values in the

cells denote the number of recovered injections over the total number of injections in each slice
of parameter space.

nitudes Tmag) 17.8. The quadratic limb-darkening parameters and semi-major axis for each
simulated planet were derived from the stellar parameters of the host star of the light curve that
each transit was injected into. The orbital period was sampled between 1 day and 14 days to
ensure that there were at least 2 transits in ea2i-day TESS sector. The planetary radius
was sampled between OB and 4R , the radius of one of the smallest exoplanets discovered
(Barclay et al., 2013) and slightly larger than the largest HJ companion discovered (TOI-1130
b), respectively. The inclination was sampled from within theuhcertainties of the host HJ's
inclination so that the planets could be considered coplanar. A circular orbit was assumed. Each
of the simulations was run through our implementation of TLS using the same procedure out-

lined in 2.4.1 and compared with the simulated parameters. Any simulation where the strongest
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Figure 2.5: A histogram illustrating the recovery rates of simulated planets of different radii as
it depends on th& mag of the host star. Each line represents a different slice of the planetary
radii simulated, binned into corresponding bins in magnitude space of Windtag=0.5. The
histogram values are averaged over all inclinations and periods and contain signals of all S/N.
The numbers above the highest histogram value in each bin represent the number of HJ light
curves that were injected into in thatmag bin. This is included to illustrate how variability,
artifacts, or quirks of individual light curves ihmag bins with few HJ light curves can affect the
overall recovery rates. These numbers are also included to highlight the aim of these simulations
to probe the sensitivity of this search in this particular data set rather than HJ light curves as a
whole. The geometric transit probability is not applied here in order to more clearly illustrate
the effect ofT mag and individual stars on the detection ef ciency. See Section 2.6 for further
explanation.
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non-HJ signal with a SDE 7.0 matched the simulated period within its &rrors was considered
“recovered.”

It is important to note that only combinations of parameters that produced transits of
nonzero depth were considered. All of the simulations that were included in further analysis
exhibited a transit of nonzero depth and none of the recovery rates include non-transiting cases.

Figure 2.4 displays the recovery rates for each segment of the orbital period and planet
radius parameter space simulated across all inclinations and host star Tmag values. The highest
recovery rate of 45.1% corresponds to the largest planets that transit the most frequently, with
that of Earth-sized planets reaching no higher thafel Bhis sensitivity grid, in essence, repre-
sents the total fraction of planets within tRg andP space that our pipeline was able to recover,
regardless of signal strength.

To quantify the dependence of the recovery rat®andR,, we ta double power law of
the formkP R, where k is a constant, andand are the power law indices & andR,.

Using thescipy.optimize package to tthe function to the recovery rate grid, we found best
tvalues of =0.88 0.03 and =-2.32 0.12, or aP %%8RZ% dependence for the recovery
rates presented in Figure 2.4.

The recovery rates are not uniform within ed®handP cell as there is some dependence
on parameters other thdd, andP. TESS magnitude of the host star, in particular, strongly
affects the recovery rate of the simulated planet transits. Figure 2.5 is included to illustrate how
the recovery rates of various planet radii ranges vary in the host star TESS magnitude parameter
space. Generally, brighter host stars correspond to higher recovery rates, although some TESS
magnitude bins do not exhibit this due to the artifacts or mild stellar variability of individual

light curves included within them that initial light curve attening does not remove. Figure 2.5
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includes the number of HJ light curves contained in each Tmag bin to illustrate how individual
effects in uenced Tmag bins with fewer light curves.

Comparing these recovery rates to that of the original TLS validation paper (Hippke &
Heller, 2019), we observe lower recovery rates. However, this is likely due to a combination of
factors. TLS was originally designed and implemented for use Magbler data, which typically
have greater photometric precision and longer time baselines than TESS data (Borucki et al.,
2010; Ricker, 2015), arguably making it easier to recover small planekemher data since
these factors cause small signals to have higher S/N than in TESS data. Additionally, TLS was
validated on IR planet signals injected into arti cial light curves with purely Gaussian noise
and long baselines of 3 years. Therefore, itis logical that the shorter observation baseline of each
TESS sector combined with non-Gaussian noise terms and lower photometric precision would
produce recovery rates lower than thé/®8tated by Hippke & Heller (2019). Furthermore, as
described in Kruse et al. (2019), mutual recovery rates of planet candidate80&% are not
uncommon from survey to survey. This again highlights the importance of multiple, independent
searches of the same data set using separate methods so as to maximize the number of planet
discoveries.

In order to estimate the rate of nearby companions to HJs, we addressed the problem
through a Bayesian binomial framework following the methodology described in Appendix A
of Huang et al. (2016). The likelihood of observihg,s companions to HJs froM; systems
with a multiplicity rate ofr,, can be expressed asMB{,grm, Not). INn our caseN,ys is observ-
able,r, is constrained given the data, aNg, is the number of HJs recovered in our sample
(Nwj) multiplied by a detection ef ciency averaged across the entire parameter dphge )

to correct for possible missed transiting planets according to Equation 5 in Zhu & Dong (2021).
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We can constraim,, by sampling the posterior space, given by the likelihood described above
multiplied by some prior function far,,. In this case, we adopt a uniform prior between 0 and 1
for the rate of nearby companions to Hag ).

We perform a MCMC simulation using emcee (Foreman-Mackey et al., 2013) to sample
this posterior space and constrain the rate of HJ multiplicity. For our MCMC model, we assumed
that the companions transit and are coplanar with the HJ in the system (within the uncertain-
ties of the HJ's inclination). For potential companions in the parameter space sampled here of
0.3 R, 4R and1 P 14 days, we calculatelalss i of 4.8% and we obtain a HJ multiplicity
rate of7:3"22.2%. If we shrink this potential companion parameter space to exclude companions
of R, <2.0 R as in Huang et al. (2016), we obtain a HJ multiplicity rate#:3%. These
values represent the median of the distribution and tlé &n dence interval. Table 2.2 sum-
marizes the rate of nearby companions for these two slices of the companion parameter space at
various con dence intervals.

The values reported here are consistent with the values reported by both Huang et al. (2016)
and Zhu & Dong (2021). Both of these studies utilized Kspler sample in their estimation of
companion rate, which has a higher detection ef ciency due to its greater photometric precision,
but a smaller HJ sample size than the TESS HJ sample used in this study.

We note that the TOI-1130 system was not included in this part of the analysis. Including
it would bias the result since the system was only added into the search sample after the original
list had been generated on the basis that TOI-1130 is contained within the TESS eld of view and
exhibited the type of system structure that this study was searching for. For comparison's sake, the
same statistical estimation of HJ companion rate was performed including TOI-1130, resulting

in a rate of17:7"%%:%% across the whole parameter space probed and a ra@35t2 9% when
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Table 2.2: The rate of companions per HJ at various con dence intervals for both the full range
of potential companions with 0.3R, 4 R and the narrower range 2.®, 4R .

Percentile] 0.3 R, 4R | 2.0 R, 4R
50% 7.2% 4.2%
68% 11.8% 6.8%
90% 22.0% 13.2%
95% 27.8% 17.1%
9% 39.4% 25.0%

excluding companions witR, <2.0 R . The upper and lower limits on these values represent

the 906 and 1@%6 con dence intervals, respectively.

2.7 Discussion

2.7.1 Comparison to Other Searches

Both the SPOC pipeline (Jenkins et al., 2016) and the MIT Quicklook Pipeline (QLP Huang
et al., 2020b,c) searched each of the HJ systems included in this study with their independent
pipelines and also returned no new planet candidates in systems with con rmed HJs. Further-
more, smaller scale studies on subsets of the HJ population - such as that of Steffen et al. (2012)
and Maciejewski (2020) - also nd no nearby companions and sometimes complement the pho-
tometric analysis with radial velocity data. Our independent search of the HJ population in the
southern ecliptic hemisphere provides compelling support for a lack of planetary companions
nearby these HJs down to the photometric precision of TESS. Each pipeline searched using dif-
ferent search algorithms, ranges of orbital period, and light curve processing, thus maximizing

the parameter space within which new signals can be detected in these target systems.
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The QLP did discover an entirely new HJ system in the Cycle 1 TESS FFlIs. This system -
TOI-1130 - does indeed contain a HJ along with an inner companion (Huang et al., 2020a). This
system was not originally included in our study since it was not con rmed prior to the initial
target list but was included in subsequent companion searches in this study. However, TOI-1130
was not included in our statistical analysis of the HJ population since it was not discovered prior
to the start of this study and its addition would bias the results. The pipeline presented here was
able to recover both the HJ signal and the companion planet signal of this new TOI-1130 without
need for any additional systematics or noise correction, despite the fact that no new signi cant
signals were recovered from FFI data by our pipeline otherwise.

The agreement of the results from the QLP and SPOC pipeline with that presented here,
although not necessarily expected, serves as an excellent check of our pipeline and the validity of
the TOI-1130 system, especially since the other two systems harboring HJs with nearby compan-
ions (WASP-47 and Kepler-730) were not contained within the Cycle 1 TESS data. Additionally,
since there has as of yet been no direct comparison between the sensitivity of TLS and the SPOC
search pipeline, these results can serve as an indication that the sensitivities of this TLS search,
the SPOC pipeline, and the QLP are comparable. This is of particular interest given the results
from the validation of TLS suggesting that TLS has &7% higher detection ef ciency than
BLS, which is used by the QLP (Hippke & Heller, 2019).

Although this study probes a slightly different parameter space of nearby companions to
hot Jupiters than Huang et al. (2016), the calculated values for the rate of companions to HJs are
consistent with Huang et al. (2016) who reported3:3% compared t07:3*12.2% calculated
by this study. The larger period and radius space probed by this study more closely matches

the parameter space studied by Zhu & Dong (2021), which reports a valug%fwith a 95%
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con dence interval of 9.% for the rate of companions nearby HJs. This is also consistent with
our result. Both of these previous studies utilizedKleplersample of HJs in their determination

of the rate of companions nearby HJs, which has greater photometric precision - and therefore
higher detection ef ciencies - but a smaller sample size of HJs. Our study marks the rst uniform

calculation of this rate with the TESS HJ sample.

2.7.2 Implications for HJ Formation

The lack of any additional new validated planets in the HJ systems we searched supports
previous results that indicate a general lack of planets in nearby orbits to HJs (Steffen et al.,
2012). The only exceptions to this trend are WASP-47 d, WASP-47 e, Kepler-730 c, and the
recently-discovered TOI-1130 b (Becker et al., 20150&%aet al., 2019; Huang et al., 2020a).
This lack of nearby planets to HJs is in stark contrast to the “warm Jupiters” (WJs), a class of
planet similar to HJs, but with an orbital period between 10 and 200 days. Approximageély 50
of WJs have nearby companion planets compared td.thé? 3% of HJs with companions as
reported by Huang et al. (2016) or the rate/&"3.2% reported here, despite the orbital period
cutoff distinguishing the two classes being somewhat arbitrary. In fact, as discussed in Huang
et al. (2020a), the period distribution of giant planets with nearby companions appears continuous
from the shortest period of the three aforementioned HJs (WASP-47 b) through the WJ periods.
This could suggest that these handful of HJs with companions formed in a similar manner to the
slightly cooler WJs while the rest of the HJs formed via a separate pathway.

Some formation scenarios make speci ¢ predictions for the occurrence of nearby compan-

ion planets. In the case of formation through high eccentricity migration (HEM) where the giant
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planet arrives at its current position via gravitational scattering of other bodies in the system, the
likelihood that nearby planets exist is low due to the disruptive nature of the planet migration
(Mustill et al., 2015). In the case of a disk migration where the entire protoplanetary disk mi-
grates inward, companion planets would be more likely to survive but would also likely exhibit
orbital resonances with one another (Lee & Peale, 2002; Raymond et al., 2006).

However, while a lack of nearby companion planets cannot de nitively determine the path-
way through which each system formed, this characteristic may aid in classifying portions of
the HJ population when combined with additional evidence. Some formation scenarios that chal-
lenge current HJ formation theories could bene t from knowing that HJs are lonely with a greater
amount of certainty. For instance, there are possible situations where companion planets are re-
tained despite HEM (Fogg & Nelson, 2007) or situations where HEM cannot explain the observed
dynamics in a handful of known HJs (Dawson et al., 2014). Constraining the presence of nearby
companions to HJs may help in determining the dynamical histories of some of these scenarios
that complicate our theories on HJ formation.

Although these systems are proving to be quite rare, it is important to continue to search
for HJ systems with closely-orbiting companions so that comparisons can be drawn between this
unique subset of systems and the wider sample of HJs/WJs. Additional discoveries of HJ systems
with nearby companions would contribute to a better understanding of how these systems formed
and if the mechanism differs from other portions of the HJ/WJ population. Furthermore, a scaled-
up statistical analysis including the larger TESS eld and all three systems with known nearby
companions to HJs would provide a companion rate per HJ that is much more representative of
the HJ population as a whole since the rate reported here only considers the HJs of the TESS

southern ecliptic hemisphere in TESS Cycle 1.
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2.8 Summary

In this chapter, we present the results of an independent, uniform search for companions to
HJs in TESS southern ecliptic hemisphere data (Sectors 1-13). Our investigation and results are

summarized here:

» We searched the TESS light curves of 184 systems with HB,0f 8R using Transit

Least Squares with both the default and grazing transit shapes.

* New signals recovered by the Transit Least Squares search with a signal detection ef -

ciency> 7.0 were passed throughMVEandvespa for vetting and validation.

» There were zero new signals wikh < 14 days statistically validated as planet candidates
to a false positive probability 1% in either the 2-minute cadence SPOC PDC light curves
or the 30-minute TESS FFI light curves. We cannot rule out the existence of transiting

companions witl? > 14 days, however.

» We probed the detectable parameter space of potential small planet signals using our pipeline,
nding a dependence of recovery rates proportionaRf5*P %%, We found a strong de-

pendence on magnitude and activity of the host star as well for all recovery rates.

« We performed a statistical analysis to estimate a rafe3t3.:2% planets within 0.3 R, 4

R and1 P 14 days per HJ.

» A lack of new companion planets to HJs down to the photometric precision of TESS pro-
vides further evidence for the “loneliness” of HJs ouPte14 days and HEM as a plausible
formation mechanism for a large portion of the HJ population. This is in contrast to warm
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Jupiters where nearby companions are common, suggesting possible different formation

mechanisms for the two populations.

» These search results suggest that the sensitivities of the SPOC search pipeline, MIT's QLP,

and this TLS pipeline are comparable in the search for small companions to HJs.

This work constitutes a rst step in comprehensively searching every HJ observed by TESS.
Similar studies of the HJ systems observed by TESS in its survey of the northern ecliptic hemi-
sphere will be bene cial for further exploring potential HJ formation mechanisms. Furthermore,
TESS has recently started its extended mission where it is effectively repeating its survey of the
southern and northern ecliptic hemispheres and will also survey part of the ecliptic plane for the

rst time.

As an additional component of this work, we provide updated transit ephemerides for each
HJ with TESS 2-minute Cycle 1 data available in the online version of Hord et al. (2021). The
majority of both the orbital period and the planetary radius value agree withierrbrs with
published values. For a subset of these HJs, the planetary radius is better constrained with smaller
uncertainties than published values. The eccentricity values are calculated based on stellar density
according to the prescription in Dawson & Johnson (2012) and are generally slightly higher than
in the literature. This parameter is calculated and not directly sampled, so is subject to larger
uncertainty than a sampled parameter. These can aid in follow-up observations and studies of the
HJs themselves, since in the absence of planetary companions, further study of the HJs in these

systems becomes even more important in constraining their formation processes.
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Chapter 3: The Discovery of a Planetary Companion Interior to Hot Jupiter

WASP-132 b

3.1 Overview

Hot Jupiters are generally observed to lack close planetary companions, a trend that has
been interpreted as evidence for high-eccentricity migration. We present the discovery and val-
idation of WASP-132 ¢ (TOI-822.02), a 1.850.10 R planet on a 1.01 day orbit interior to
the hot Jupiter WASP-132 b. Transiting Exoplanet Survey Satellite (TESS) and ground-based
follow-up observations, in conjunction with vetting and validation analysis, enable us to rule
out common astrophysical false positives and validate the observed transit signal produced by
WASP-132 c as a planet. Running the validation teglspa andTRICERATOPSN this signal
yield false positive probabilities @#:02 10 ° and 0.0107, respectively. Analysis of archival
CORALIE radial velocity data leads to a 3ipper limit of 28.23 ms! on the amplitude of any
1.01-day signal, corresponding to a @pper mass limit of 37.3% . Dynamical simulations
reveal that the system is stable within the @ncertainties on planetary and orbital parameters
for timescales of 100 Myr. The existence of a planetary companion near the hot Jupiter WASP-
132 b makes the giant planet's formation and evolution via high-eccentricity migration highly

unlikely. Being one of just a handful of nearby planetary companions to hot Jupiters, WASP-132
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c carries with it signi cant implications for the formation of the system and hot Jupiters as a

population.

3.2 Introduction

Ever since the Nobel Prize-winning discovery of the rst exoplanet around a Sun-like star
(Mayor & Queloz, 1995), hot Jupiters have represented one of the greatest enigmas of exoplanet
science. With radiR, > 8 R and orbital period® < 10 days (Winn et al., 2010; Wang et al.,
2015; Garhart et al., 2020), hot Jupiters represent a class of planets with no analogue in our
solar system. Traditional theories on planet formation are insuf cient to explain the existence
of giant gaseous planets so close to a host star (Lin et al., 1996). Therefore, new formation
scenarios have been put forth (e.g. disk migration, planet-planet scattering, secular migration) to
explain the existence of hot Jupiters, most of which involve an inward migration after initially
forming beyond the ice line (e.g., Lin et al. 1996; Rasio & Ford 1996). However, none of these
mechanisms alone can satisfy all observable constraints, leaving the primary pathways of hot
Jupiter formation largely still uncertain (Dawson et al., 2014; Dawson & Johnson, 2018).

One clue that may help distinguish between different formation pathways is that hot Jupiters
are predominantly “lonely”, meaning they are the only planet in their system within a factor of 2
or 3in orbital distance (e.g. Steffen etal., 2012; Knutson et al., 2014; Endl et al., 2014; Hord et al.,
2021), although they may have more distant companions, particularly giant companions (Schlauf-
man & Winn, 2016). This lack of nearby companions is expected from a high-eccentricity migra-
tion formation pathway - a scenario in which the hot Jupiter migrates inwards from beyond the ice

line via some form of gravitational perturbations that put it on an eccentric orbit that eventually
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circularizes much closer to the host star (Rasio & Ford, 1996). This high-eccentricity migration
results in the scattering and possible ejection of other planets in the system as the hot Jupiter's
eccentric orbit sweeps through the inner parts of the stellar system (Mustill et al., 2015).

Of the 500 hot Jupiters currently con rmed, only three have proven to be exceptions
to this lonely trend so far. The systems WASP-47 (Becker et al., 2015), Kepler-73@gCa
et al., 2019), and TOI-1130 (Huang et al., 2020a) all host a hot Jupiter with at least one nearby
companion planet, making the high-eccentricity migration scenario for these planetary systems
unlikely®. It is more likely that these planetary systems formed via disk migration, where the
protoplanets migrate inwards all together within the disk, potentially preserving planets near the
hot Jupiter (Lin et al., 1996; Lee & Peale, 2002; Raymond et al., 2006). These systems serve
as rare opportunities to dynamically constrain the formation of hot Jupiters and also potentially
serve as a bridge to the slightly cooler population of warm Jupiférs P < 100d), which are
often joined by smaller companion planets (Huang et al., 2016). Hot Jupiters with nearby planets
may be key in understanding the connection of formation pathways to the observed hot Jupiter
population.

The Transiting Exoplanet Survey Satellite (TESS; Ricker, 2015) is well suited to the dis-
covery of hot Jupiters and potential nearby companions, as its almost-all-sky coverage is expected
to observe nearly every known hot Jupiter system and discover hundreds or thousands more (Sul-
livan et al., 2015; Barclay et al., 2018). This is particularly important since the hot Jupiter sample

is currently heterogeneous and incomplete (Yee et al., 2021). In addition, TESS has the photo-

1We note WASP-148b is a hot Jupiter with an outer, massive companion at just within 3 times the orbital distance
of the hot Jupiter. We choose not to include this system in our discussion of hot Jupiters with nearby companions
because of its very different architecture from the other systems (which have smaller, closer companions) and because
the mass and orbital distance of the companion planet puts it on the borderline of the approximate de nition of hot
Jupiters with close planetary companions.

71



metric precision to identify smaller planets down t0.7 R (e.g. Kostov et al., 2019b; Gilbert
et al., 2020; Silverstein et al., 2022).

Here we present the TESS discovery of TOI-822.02 — henceforth referred to as WASP-
132 ¢ — a small planet associated with hot Jupiter WASP-132 b rst discovered by Hellier et al.
(2017). The new planet WASP-132 c is on a 1.01 d orbit interior to the 7.13 d orbit of the hot
Jupiter WASP-132 b. This makes the WASP-132 system the fourth such system containing a hot
Jupiter with a nearby small planetary companion, widening the sample of this rare subclass of
hot Jupiters and further opening the possibility for comparative planetology both within the hot
Jupiter system and between hot and warm Jupiter systems.

Section 3.3 details the discovery of the WASP-132 c signal in the TESS photometric data
as well as the initial vetting efforts. Section 3.4 presents our re nement of the stellar parameters
of the host star using a series of independent models. Section 3.5 describes our methodology for
modeling the full photometric light curve to obtain precise planetary and orbital parameters for
WASP-132 c as well as the con rmed hot Jupiter WASP-132 b. Section 4.6 presents the vali-
dation of WASP-132 c as a planet based on ground-based follow-up observations and statistical
validation software. Section 3.7 details the dynamical simulations modeling a two-planet WASP-
132 system to probe the long-term stability of the system. Section 3.8 discusses the implications
of the discovery of such a system in terms of hot Jupiter formation and the larger hot Jupiter

sample.
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3.3 Signal Search and Vetting

WASP-132 (TOI-822, TIC 127530399) was observed by TESS in Sector 11 from UT April
23 to May 20, 2019 (23.96 d) in CCD 2 of Camera 1 and in Sector 38 from UT April 29 to May 26,
2021 (26.34 d) in CCD 1 of Camera 1. Data for WASP-132 were collected at 2 minute cadence
in Sectors 11 and 38 and at 20 second cadence in Sector 38. The star was prioritized for high-
cadence measurements as part of the Cycle 1 Guest Investigator Programs G011112, G011183,
and G011132 and Cycle 3 Guest Investigator Programs G03278, G03181, and (03106.

The TESS Science Processing Operation Center (SPOC) pipeline (Jenkins et al., 2016)
processed the short cadence pixel data and generated the target pixel les (TPFs) and light curves
cleaned of instrumental systematics. The Transiting Planet Search module (TPS; Jenkins, 2002;
Jenkins et al., 2010; Jenkins et al., 2020) of the SPOC pipeline searched the generated 2-minute
light curves for periodic, transit-like signals for each TESS sector independently and jointly as a
single light curve. TPS recovered the previously con rmed hot Jupiter WASP-132 b as well as
a new signal at 1.01153 d with a signal-to-noise ratio (SNR) of 10.6 in the combined data from
the two sectors. This signal's depth corresponds to a planet with a radius of 2v@3h using
the stellar radius value for this target contained in the TESS Input Catalog (TICv8.2; Stassun
et al., 2018, 2019a) to calculate the potential planet radius. The transits of the hot Jupiter and
WASP-132 c in the TESS data can be seen in Figure 3.1.

To provide an independent recovery of this periodic signal, we searched the available
WASP-132 TESS light curves with the Transit Least Squares (TLS) search algorithm (Hippke

& Heller, 2019). TLS utilizes analytical transit shapes, making it more sensitive to planet transits

2Details of approved TESS Guest Investigator Programs are available Htipst//heasarc.gsfc.
nasa.gov/docs/tess/approved-programs.htmi|
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Figure 3.1: TESS PDGAP light curve of the WASP-132 system with the in-transit times of hot
Jupiter WASP-132 b (blue) and WASP-132 c (red) highlighted. Both Sector 11 (top) and Sector
38 (second from top) are shown. The data is detrended with a Gaussian Process according to the
method outlined in Section 3.5. These Gaussian Process noise models are shown in green for
Sector 11 (second from bottom) and Sector 38 (bottom) overlaid on the$ARight curves to

show how they capture the variability in the light curve.
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than the conventional Box Least Squares (BLS; & et al., 2002) search method and more
nely tuned to detect small, short-period planets such as WASP-132 c.

Our transit search with TLS made use of the systematics-corrected Presearch Data Con-
ditioning Simple Aperture Photometry (PDEAP) TESS light curves generated by the TESS
SPOC pipeline (Smith et al., 2012; Stumpe et al., 2012, 2014) at the 2 minute and 20 second
cadence for TESS Sectors 11 and 38, respectivélye used théightkurve Python pack-
age (Lightkurve Collaboration et al., 2018a) to download the data from the Mikulski Archive for
Space Telescopes (MAST). The light curve exhibited small amplitude stellar variability and was
detrended usintightkurve ‘s builtin flatten ~ method. A window length of 0.5 days was
chosen as it was large enough to preserve transit signals (of duration on the ordehofirs)
while small enough to remove the slight stellar variability present in the light curve.

Using TLS on the clean light curve, we recovered the known signal of hot Jupiter WASP-
132 b as well as a signal with a period of 1.0119.0032 d with a false alarm probability (FAP)
< 10 4, which is well below the threshold of what Hippke & Heller (2019) states is a signi cant
detection above white noise. The period, depth, and mid-transit time of this recovered signal are
consistent with the values reported by the SPOC pipeline and listed on the Exoplanet Follow-up
Observing Program-TESS (ExoFOP-TESS, ExoFOP 2019) wébditsis recovery with TLS
served as an independent check to ensure that the signal was not a pipeline-speci ¢ detection.

We performed multiple initial checks of the signal and TESS light curves for astrophysical
false-positive scenarios that can mimic exoplanet transits. The Data Validation module (DV,

Twicken et al., 2018a; Li et al., 2019a) of the SPOC pipeline performs a suite of diagnostic

3We elected to use the shortest cadence available for each sector to capture the shape of the transit as accurately
as possible. As discussed in Chapter 2, the FFIs are not usually sensitive enough to nd small nearby companions to
hot Jupiters.

“https://exofop.ipac.caltech.edu/tess/
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vetting tests to investigate the likelihood of many of these false-positive scenarios. These tests
include a depth test of the odd and even transits, a statistical bootstrap test that accounts for the
non-white nature of the light curve to estimate the probability of a false alarm from random noise
uctuations, a ghost diagnostic test to compare the detection statistic of the optimal aperture
against that of a halo with a 1 pixel buffer around the optimal aperture, and a difference image
centroid test. WASP-132 c passed all of these diagnostic vetting tests. Additionally, all TICv8.2
objects other than the target star were statistically excluded as sources of the 1.01 d transit signal
since the difference centroid offset tests located the source of the transit signal to within 1
arcsec of the target position. The Threshold Crossing Event (TCE) was promoted to TESS Object
of Interest (TOI; Guerrero et al., 2021) status and designated TOI-822.02 by the TESS Science
Of ce based on the clean model t and diagnostic test results in the SPOC data validation report.

In addition to the vetting checks performed by the SPOC pipeline, we used the Discovery
and Vetting of ExoplanetdXAVE Kostov et al., 2019a) tool to further check for astrophysical
false-positive scenariosDAVEis an automated vetting pipeline built upon many of the tools
developed for vetting planets Keplerdata (e.g. RoboVetter; Coughlin et al., 2014a). It has been
used extensively in vetting planets k2 (Hedges et al., 2019; de Leon et al., 2021) and TESS
(Kostov et al., 2019b; Cross eld et al., 2019; Gilbert et al., 2020a) data as WAN.Eperforms
two sets of vetting tests. The rst are light curve-based vetting tests searching for odd/even
transit differences, secondary eclipses, and light curve modulations that could introduce transit-
like signals. The second set of tests are image-based that check the photocenter motion on the
TESS image during transit.

Unfortunately, due to the weak signal resulting from the shallow transit depth and rela-

tively dim (T mag=11.11) stellar host, many of the results fradAVEwere inconclusive but
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still showed no signi cant indication of an astrophysical false-positive scenario. As such, we

determined that further, more detailed modeling of the transits was warranted.

3.4 Re nement of Host Star Parameters

To perform a comprehensive analysis of the transit and system light curve, it was necessary
to re ne the stellar parameters of the host star, WASP-132. The TICv8.2 reports key stellar
parameters determined via independent analysis, but there are also stellar parameters reported by
the WASP Collaboration in the initial discovery and con rmation of the hot Jupiter WASP-132 b
(Hellier et al., 2017). We performed our own independent analysis given available data in order
to determine the best values for the stellar parameters to use when modeling the TESS data. The
results of each independent analysis method are contained in Table 3.1 for comparison. We nd
most stellar parameter values from each analysis method are consistent with each of the others
as well as with both those reported by Hellier et al. (2017) and the TICv8.2 (Stassun et al., 2018,
2019a). The exception is a slight difference between the bolometri€ygxreported by the two
SED analyses. The adopted stellar parameter values used in the remaining validation and analysis
of WASP-132 c are based on the isochrone analysis described below and are contained in Table
3.2.

We also note that we see a low-amplitude 8 d periodic variation upon visual inspection of
the Sector 38 light curve that does not match up with the 33 day stellar rotation period stated in
Hellier et al. (2017). If the 8 d variability were to represent the rotation period of the star, this
would imply av sini of 5 km s !, using the equation sini = (2 R)/P and assuming the star

is viewed edge-on. This is well outside of the con dence interval of the measuredwaine
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Table 3.1: Stellar parameters obtained using each of the methods outlined in Section 3.4. Values
from Hellier et al. (2017), which discovered WASP-132 b, and from the TICv8.2 (Stassun et al.,
2018, 2019a) are included for comparison. The nal adopted parameters for this analysis are
contained in Table 3.2. All uncertainties reported are thedlue.

Parameter TICv8.2 Hellier et al. (2017) Isochrone KGS SED MLS SED

Analysis Analysis Analysis

Te (K) 4742 129 4750 100 47148 4750 75 4753 80
[Fe/H] — 0.22 0.13 0.18 0.12 0.0 05 —
M (M) 0.760 0.089 0.80 0.04 0.782 0.034 0.80 0.05 —

R (R) 0.790 0.057 0.74 0.02 0:753%:9%  0.752 0.024 0.767 0.026

L (L) 0.284 0.012 — 0:253:932 — 0.271 0.007
log(g) 4.524 0.094 46 0.1 4:576'9,:028 — —
(gcm 3) 2.17 0.59 2:82'0:19 1:81*9,118 — —
Age (Gyr) — &0.5 7:055" 318 32 05 —
Distance (pc) 122.91 0.57 120 20 126 5 — —

Foo (€rgs tcm 2 10 10) — — — 5.442 0.063 5.69 0.14

=0.9 0.8 km s?, suggesting that this 8 d variability is not the stellar rotation period, although

it may represent one of the harmonics of the true period if it is intrinsic to the star. However,
extracted light curves using different apertures do not contain tBiglay variation, suggesting

that this shorter-scale variability may not be inherent to the WASP-132 system. Regardless of
the origin of this additional variability, our conclusions remain the same regarding the planetary
nature of the 1.01 d transit signal.

Overall, WASP-132 does not show signi cant signs of activity. There is the possible 8 d
variability and reported 33 d rotation period, activity that occurs on much longer timescales than
the orbital period of WASP-132 c. We also found no evidence of ares or star spot crossings in
either the space- or ground-based data. In the modeling of the system’s light curves (see Section
3.5), a Gaussian Process was used to capture any variability in conjunction with transit models for
each planet. Thus, photometric variability was modeled out while not diluting the transit signals

(see Figure 3.1), in order to precisely measure the planet and orbital parameters.
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Table 3.2: Adopted stellar parameters for WASP-132.

Parameter Value Source

Identifying Information

Name WASP-132
TICID 127530399 TICv8.2
TOI ID TOI-822 Guerrero et al. (2021)
Alt. Name UCAC4 220-083803
Astrometric Properties
R.A. (hh:mm:ss) 14:30:26.21 (J2015.5) Gaia EDR3
Dec. (dd:mm:ss) -46:09:34.29 (J2015.5) Gaia EDR3
(mas yr 1) 12.255 0.020 Gaia EDR3
(mas yr %) -73.169 0.022 Gaia EDR3
Distance (pc) 123.57 0.29 Gaia EDR3
Stellar Properties
Spectral Type K4 Hellier et al. (2017)
Te (K) 4714%, This Work
[Fe/H] 0.18 0.12 This Work
M (M) 0.782 0.034 This Work
R (R) 0:7539:928 This Work
L (L) 0:2539:332 This Work
log(g) 4:576%:028 This Work
(gcm 3) 1:81+%18 This Work
Rotation period (d) 33 Hellier et al. (2017)
vsini (kms 1) 0.9 0.8 Hellier et al. (2017)
Age (Gyr) 3.2 05 This Work
Photometric Properties
B (mag) 13.142 0.011 APASS DR9
V (mag) 11.938 0.046 APASS DR9
Gg (mag) 11.7467 0.0002 Gaia EDR3
Ggp (mMag) 12.3000 0.0007 Gaia EDR3
Grp (Mag) 11.0487 0.0004 Gaia EDR3
T (mag) 11.111 0.006 TICv8.2
J (mag) 10.257 0.026 2MASS
H (mag) 9.745 0.023 2MASS
Ks (mag) 9.674 0.024 2MASS
W; (mag) 9.557 0.022 AlIWISE
W, (mag) 9.638 0.020 AlIWISE
W3 (mag) 9.575 0.040 AlIWISE
W, (mag) 8.281 AlIWISE

Gaia EDRS - Prusti et al. (2016); Brown et al. (2021), TICV8.2 - Stassun et al. (2019a),
APASS DRO9 - Henden et al. (2016), 2MASS - Skrutskie et al. (2006a), AlIWISE - Cutri et al. (2013).
1Only a limit is reported folV, since the signal-to-noise ratio was too low for a con dent detection.
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3.4.1 Isochrone Analysis

We performed an isochrone-based analysis for WASP-132 istotassify (Huber
et al., 2017; Berger et al., 2020), which produces fundamental stellar parameters from a combi-
nation of input observables. We used spectroscopiand metallicity from the discovery paper
(Hellier et al., 2017)Gaia Data Release 2 (Prusti et al., 2016; Gaia Collaboration et al., 2018;
Bailer-Jones et al., 2018, DR2) parallax and coordinates, and the Two Micron All-Sky Survey
(Skrutskie et al., 20062MASSK s magnitude as inputs. We also used #tisky  extinction
map detailed in Bovy et al. (2016) to estimate the photometric extinction based on the coordinates
and distance inferred from the parallax. The best- t values and their uncertainties are compiled
in Table 3.1, and we estimate extinction toAdg = 0.097 0.024 mag, which is consistent with

theAy =0.093 0.031 mag reported in the TICv8.2.

3.4.2 KGS SED Analysis

As an independent determination of the basic stellar parameters, K.G. Stassun (KGS) per-
formed an analysis of the broadband spectral energy distribution (SED) of the star together with
the Gaia Early Data Release 3 (Prusti et al., 2016; Brown et al., 2021, EDR3) parallax (with no
systematic offset applied; see, e.g., Stassun & Torres, 2021), in order to determine an empiri-
cal measurement of the stellar radius, following the procedures described in Stassun & Torres
(2016); Stassun et al. (2017); Stassun et al. (2018). We pulled thEtKes magnitudes from
2MASS the W1-W3 magnitudes from the Wide- eld Infrared Survey Exploii$E Wright
et al., 2010; Cutri et al., 2013), and tkgpr Grp Mmagnitudes fronGGaia. Together, the available

photometry spans the full stellar SED over the wavelength range 0.4x1Bee Figure 3.2).
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Figure 3.2: Spectral energy distribution of WASP-132. Red symbols represent the observed
photometric measurements outlined in Section 3.4.2, where the horizontal bars represent the
effective width of the passband. Blue symbols are the model uxes from the best- t NextGen
atmosphere model (black).

We performed a t using NextGen stellar atmosphere models, with the free parameters
being the effective temperaturé.,() and metallicity ([Fe/H]), as well as the extinctiédw, , which
we xed at zero due to the proximity of the system to Earth. The resulting t (Figure 3.2) has
abest-tTe = 4750 75K, [Fe/H] =0:0 0:5, with a reduced 2 of 0.8. Integrating the
(unreddened) model SED gives the bolometric ux at Eafh, = 5:442 0:063 10 1©
erg s ' cm 2. Taking theFy, andT. together with theGaia parallax gives the stellar radius,
R, =0:752 0:024R . In addition, we can estimate the stellar mass from the empirical relations
of Torres et al. (2010), givinlyl, =0:80 0:05M . Finally, the reported stellar rotation period
of 33 dimplies an age of, = 3:2 0:5 Gyr via the empirical gyrochronology relations of

Mamajek & Hillenbrand (2008).
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3.4.3 MLS SED Analysis

As an additional check on our stellar effective temperature, luminosity, and radius results,
M. L. Silverstein (MLS) led a second SED analysis following methodology similar to Dieterich
et al. (2014) (Silverstein et al., in preparation). Spanning optical to mid-infrared wavelengths, we
extractJHK s magnitudes fronEMASSand W1-W3 magnitudes froWISEas in the previous
subsection. We differ in our adoption of taiaDR2 parallax and o¥ Rl photometry converted
from GaiaDR2 Gs Ggp Grp. We compare nine different color combinations to the BT-Settl 2011
photospheric models (Allard et al., 2012) to derive a best- tfiig = 4753 80K, assuming
[Fe/H] = 0. Next we iteratively scale the resulting best-match model using a polynomial function
until model and observed photometry match to within the error bars. We then integrate the
nal spectrum and apply a bolometric correction to deternfipg = 5:691 0:137 10 ©
erg s cm 2, and we scale by the parallax to derive = 0:271 0:.007L . A radius of
R =0:767 0:.026R is then calculated using the Stefan-Boltzmann Law. These results are

listed in Table 3.1 and match those from the other independent methods described in this chapter.

3.5 Modeling the Physical Properties of WASP-132 c

While TLS is useful at detecting signals, the period grid that it searches is not very ne
by default. Combined with the re ned stellar parameters discussed in Section 3.4, it is possible
to model the light curve in a more detailed fashion than the initial transit search to nd the
maximum likelihood values for the planet properties in the system. To perform this detailed
modeling, we used the softwae@oplanet (Foreman-Mackey et al., 201%xoplanet isa

toolkit for probabilistic modeling of transit and radial velocity observations of exoplanets using
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PyMC3. This is a powerful and exible program that can be used to build high-performance
transit models and then sample them through Markov Chain Monte Carlo (MCMC) simulations
to provide precise transit and orbital parameters.

We utilized the same PDGAP light curves used in the transit search with TLS with one
difference. For the modeling witbxoplanet , we did not apply any initial detrending that
could possibly alter the transit signals but instead included a Gaussian Process (GP) in the model.
Our model had three elements: two planet components with Keplerian orbits and limb-darkened
transits (one for each potential planet in the system) and a GP component that modeled resid-
ual stellar variability. The planet models were computed using STARRY (Luger et al., 2019)
and the GP was computed usioglerite (Foreman-Mackey et al., 2017; Foreman-Mackey,
2018). The GP component models the residual stellar variability in the light curve and describes a
stochastically-driven, damped harmonic oscillator with two hyper-paramete®g) bfd In( o),
which represent the undamped angular frequency of a simple harmonic oscillator and the power
at! =0, respectively. We xed the quality factor Q of the simple harmonic oscillator tg 2/
and put wide Gaussian priors on $j and In{ (), setting their means to the natural log of the
standard deviation of the ux and natural log of one tenth of a cycle, respectively, with both of
their standard deviations set to 10. This form of GP has the advantage of being able to model a
wide range of low frequency astrophysical and instrumental signals without requiring a physical
model for the observed variability. We also included a white noise term in the model which is
parameterized by the natural log of the standard deviation of the ux with a prior identical to that
of In(Sp). The GP parameters of the two TESS sectors were modeled separately since the sectors
may have different noise parameters, especially since the data were taken at different cadences.

The planet model was parameterized with a two term limb-darkening component and the
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stellar radius and mass. The individual planets were parameterized in terms of the natural log
of orbital period, mid-transit time, transit depth, impact parameter, eccentricity, and periastron
angle at time of transit. For our priors on the stellar parameter components of the model, we used
the mean and standard deviation values of our analysis discussed in Section 3.4 and displayed in
Table 3.2. We followed Kipping (2013a) for the parameterization of the limb-darkening. We used
the SPOC values listed on ExoFOP-TESS for the means and standard deviations of Gaussian
priors on the natural log of the orbital period, mid-transit time, and transit depth for the two
planets. We imposed a uniform prior on the impact parameter bounded between 0 and 1. For the
eccentricity prior, we used a Beta prior with= 0.867 and = 3.03 as suggested by Kipping
(2013b). The eccentricity was bounded between zero and one and sam@ensf3. The
periastron angle at transit was sampled in vector space to avoid the sampler seeing discontinuities.
We sampled the posterior distribution of the model parameters using the No U-turn Sampler
(NUTS; Hoffman et al., 2014), which is a form of Hamiltonian Monte Carlo, as implemented by
PyMC3(Salvatier et al., 2016a). We ran 3 simultaneous chains, each with 2000 tuning steps and
2500 draws in the nal sample.

Initially, since individual TESS sectors often have different noise properties, we modeled
both Sectors 11 and 38 independently from one another using the model described above. How-
ever, the resulting posterior distributions were equivalent withinetrors, so we decided to
combine both sectors of TESS data into a single light curve and use the same model. Since the
two light curves are separated byl year, modeling both together as a single light curve increases
the time baseline with which to model the orbit of the system, allowing for a better constrained
orbital period than any individual sector or two sectors back-to-back in time. We binned the Sec-

tor 38 TESS data from 20 second cadence to 2 minute cadence to match with the TESS Sector 11
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Table 3.3: Planet and orbital parameters for WASP-132 b and c calculated by modeling the TESS

photometric data witlexoplanet . Errors are reported at the level. Noise parameters are

also included.

Parameter

Value

Model Parameters

Star

Limb darkeningu;
Limb darkeningu,
Radius [R ]
Mass [M ]

In( cp)

In( cp;s11)

In( Gp;s38)

WASP-132 ¢

To (BJD - 2457000)
In(Period) [days]
Impact parameter
In(Transit Depth)
eccentricity

! [radians]

WASP-132 b

To (BJD - 2457000)
In(Period) [days]
Impact parameter
In(Transit Depth)
eccentricity

I [radians]

043 0.11
0.17 0.24
0.754 0.024
0.781 0.033
1.03 0.15
-7.96 0.16
-7.11 0.16

1597.5762 0.0024
0.011 4.69e-6
0:28"%:%5
-7.437 0.068
0:13*%;5%3
0:93" 65

2337.6080 0.0002
1.96 5.49e-7
0.16 0.11
-4.026 0.01
0:07"00;(192
0:08"%:83

Derived Parameters

WASP-132 ¢
Period [days]
Rp=R

Radius [R ]
Radius Ry]

a=R

a[AU]
Inclination [deg]
Duration [hours]

WASP-132 b
Period [days]
Rp=R

Radius [R ]
Radius Ry]

a=R

a[AU]
Inclination [deg]
Duration [hours]

1.011534 0.000005
0.023 0.001
185 0.10
0.165 0.009
517 0.18
0.0182 0.0003
86:64'%12
147% 5

7.133514 0.000004
0.122 0.006
10.05 0.34
0.897 0.030
19.03 0.66
0.067 0.001
89:5140:13

3183
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