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Résumé

La découverte d’exoplanetes a connu une croissance quasi exponentielle au cours des trois dernieres
décennies. Nous savons désormais que les systemes d’exoplanetes sont la norme dans la galaxie et
qu’il existe une variété d’archétypes de planetes qui ne correspondent pas a notre propre systéme
solaire. Ces progres rapides sont dus en grande partie aux missions spatiales qui utilisent la méthode
des transits pour trouver et caractériser de nouvelles exoplanetes. Kepler et, plus récemment, le
Transiting Exoplanet Survey Satellite (TESS) ont contribué a la majorité des exoplanetes confirmées
ou candidates connues a ce jour. Les exoplanetes découvertes par TESS sont particulierement
prometteuses, car TESS a délibérément ciblé des étoiles hotes brillantes pour faciliter 1’analyse
spectroscopique détaillée de 1’atmosphere de leurs planetes. Bien que TESS soit tres efficace pour
identifier de nouveaux signaux de transit, un effort de suivi substantiel est nécessaire pour valider
chaque nouvelle candidate et le succes global de la mission TESS dépend fortement de 1’obtention
de ce suivi de la part d’observatoires externes. Une attention particuliere est souvent requise pour
les planétes a longue période qui souffrent fortement des biais impliqués dans les recherches de
transit. Si I’on peut surmonter les défis observationnels supplémentaires, ces planetes constituent
des bancs d’essai rares et précieux pour étudier la physique et la chimie des atmospheres plus
froides.

Dans cette these, j’ai collaboré avec la communauté de suivi des exoplanetes TESS sur plusieurs
fronts en apportant des instruments précédemment inutilisés, en contribuant a I’effort général de
vérification des candidates, ainsi qu’en menant des études de validation et de confirmation de
cibles difficiles a longue période. Nous avons adapté le réseau de téléobjectifs Dragonfly (alias
"Dragonfly"), concu pour les cibles de faible luminosité de surface, a ’observation des transits
d’exoplanetes. J’ai développé un nouveau mode d’observation adapté aux transits et créé des
pipelines de planification, de traitement des données et d’analyse. Nous avons atteint une précision
photométrique d’environ 0,5 ppt dans des intervalles de 4 a 5 minutes sur la plage 9 < my < 13,
compétitive avec d’autres observatoires au sol de classe 1-2m. Nous avons également développé
un vaste programme d’observation avec le satellite de surveillance des objets proches de la Terre
(NEOSSat) couvrant 3 ans et 6 cycles d’observation pour observer les transits d’exoplanetes de
longue durée, qui représentent un défi majeur a capturer avec des observatoires au sol. En utilisant

ces deux instruments, nous avons fourni des observations pour le programme d’observation de suivi



des exoplanetes TESS (ExoFOP). Grace a mon travail dans ExoFOP, j’ai dirigé une publication
de validation pour TOI-1221 b, une planete sub-neptunienne de 2,9 Rg sur une orbite de 92 jours.
Non seulement nous avons écarté les scénarios de faux positifs pour cette planete tempérée a
longue période, mais grace a notre analyse détaillée de 6 transits TESS et 2 détections au sol,
nous avons trouvé des preuves de variations de synchronisation de transit qui pourraient indiquer
une autre planete cachée dans le systeme. Nous avons également utilis€ NEOSSat pour rechercher
un deuxieme transit de TOI-2010b, qui n’en montrait qu'un seul dans les données TESS. En
surveillant 1’étoile hote sur une fenétre d’incertitude de 7 jours, nous avons capturé le transit et
amélioré considérablement notre connaissance de 1’éphéméride de la planete. J’ai dirigé I’article
de confirmation sur cette planete semblable a Jupiter avec une orbite de 142 jours, ajoutant une
cible de faible insolation a la petite collection d’exoplanetes connues avec des périodes supérieures
a 100 jours et des étoiles hotes suffisamment brillantes pour un suivi spectroscopique. En plus
de diriger ces deux projets spécifiques, mes observations avec Dragonfly et NEOSSat ont jusqu’a
présent contribué a 10 autres publications dont je suis co-auteur.

Mots clés: Analyse de données astronomiques — Réduction photométrique — Transits —
Validation et confirmation d’exoplanetes — Exoplanetes a longue période — TESS — Dragonfly
Telephoto Array — NEOSSat
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Abstract

Exoplanet discovery has undergone near-exponential growth over the last three decades. We now
know exoplanet systems are the norm in the Galaxy and that a variety of planet archetypes exist
that do not necessarily match our own Solar System. This rapid advancement is due in large part to
space-based discovery missions utilizing the transit method to find and characterize new exoplanets.
Kepler, and more recently, the Transiting Exoplanet Survey Satellite (TESS) have contributed the
majority of confirmed or candidate exoplanets known today. The exoplanets discovered by TESS
show particular promise, as TESS has deliberately targeted bright host stars to facilitate detailed
spectroscopic analysis of their planets’ atmospheres. While TESS is highly efficient at identifying
new transit signals, substantial follow-up effort is required to validate each new candidate and
the overall success of the TESS mission heavily depends on attaining this follow-up from external
observatories. Special attention is often required for long-period planets that suffer heavily from the
biases involved in transit searches. If one can overcome the added observational challenges, these
planets provide rare and valuable testbeds to investigate cool-atmosphere physics and chemistry.
Through this thesis, I engaged with the TESS exoplanet follow-up community on several
fronts by bringing previously unused instrument options to the endeavour, contributing to the
general effort of candidate verification, as well as leading validation and confirmation studies of
challenging long-period targets. We adapted the Dragonfly Telephoto Array (a.k.a. “Dragonfly”),
designed for low-surface brightness targets, to the observation of exoplanet transits. I developed
a new transient-appropriate observing mode and created scheduling, data processing, and analysis
pipelines. We achieve a photometric precision floor of ~0.5 ppt in 4-5-minute bins over the range
9 < my < 13, competitive other 1-2m class ground-based observatories. We also developed an
extensive observing program with the Near-Earth Object Surveillance Satellite (NEOSSat) spanning
3 years and 6 observing cycles to observe long-duration exoplanet transits that provide a major
challenge to capture with ground-based observatories. Using these two instruments, we provided
follow-up observations for the TESS Exoplanet Follow-up Observing Program (ExoFOP). Through
my work with ExoFOP, I led a validation publication for TOI-1221 b, a 2.9 Rg sub-Neptune planet
on a 92-day orbit. Not only do we rule out the false-positive scenarios for this long-period temperate
planet, but through our detailed analysis of 6 TESS transits and 2 ground-based detections, we find
evidence of transit timing variations that may indicate an additional hidden planet in the system.
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We also used NEOSSat to hunt for an elusive second transit of TOI-2010b. By monitoring the
host star over a 7-day uncertainty window, we caught the transit and vastly improved our knowledge
of the planet’s ephemeris. I led the confirmation paper on this temperate Jupiter-like planet with
a 142-day orbit, adding a low-insolation target to the small collection of known exoplanets with
periods above 100 days and host stars bright enough for spectroscopic follow-up. Beyond leading
these two specific projects, my observations with Dragonfly and NEOSSat have thus far contributed
to 10 other publications for which I am co-author.

Keywords : Astronomical data analysis — Photometric reduction — Transits — Exoplanet
validation and confirmation — Long-period exoplanets — TESS — Dragonfly Telephoto Array —
NEOSSat
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Chapter 1

Introduction

1.1. An Intro to Exoplanets
1.1.1. History and progress

The term “exoplanet” refers to an extra-solar planet, or in other words, a planet outside of our
own solar system. There is no reason to believe that our own solar system is particularly unique
in the Galaxy, so detecting exoplanet systems was just a matter time, technique, and instrumental
acuity.

The first exoplanets to be confirmed were found in a setting vastly different than our solar
system. The discovery came from studying a pulsar, a class of neutron star (ultra-dense, collapsed
stellar remnants) which emit radio-band electromagnetic pulses at extremely regular intervals.
The pulse period can be measured to such exquisite precision that minuscule deviations can be
detected. Wolszczan & Frail (1992) determined that anomalies discovered in the precise timing of
the millisecond-period pulsar PSR B1257+12 could be explained by the presence of two planetary-
mass objects orbiting it and affecting its dynamics. It was later confirmed that a third object
(Moon-mass) also orbited the pulsar (Wolszczan, 1994).

While the pulsar planets were the first to be confirmed, two other exoplanets were detected
earlier but confirmed later. Campbell et al. (1988) reported subtle evidence for a planetary mass
object orbiting y Cephei A, later confirmed by Hatzes et al. (2003). Latham et al. (1989) reported
a planetary companion around the F-type star HD 114762, later to be confirmed by Cochran et al.
(1991). A few years after these early detections, 51 Pegasi b made a strong impression on the
astronomical community as the first known exoplanet around a Sun-like star (Mayor & Queloz,
1995).

These keystone discoveries marked the beginning of the field of exoplanet observation. Since
then, the field has exploded in a near-exponential fashion. At the time of writing, there are 5400+
confirmed exoplanets and many thousands more candidates. A brief examination of Figure 1.1

Thttps://exoplanetarchive.ipac.caltech.edu/index.html
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Fig. 1.1. Left panel: Cumulative count of confirmed exoplanets through time, colour-coded by
discovery method. The two major jumps correspond to Kepler’s announcements of 725 and 1285
newly discovered planets in 2014 and 2016. Right panel: Period—radius distribution of exoplanets.
Black points show confirmed exoplanets while coloured points show unconfirmed candidates from
three major survey missions. Yellow points mark our own solar system planets. Observing biases
make it very challenging to detect planets with orbital periods beyond a few hundred days with
the raidal velocity and transit methods. Most of the very large candidates are likely stellar object
false-positives. Data from the NASA Exoplanet Archive!.

shows that, though many detection methods exist, two in particular have discovered the vast majority
of planets. The radial velocity (RV) method, discussed further in section 1.4.2, was dominant in
the early days of exoplanet discovery. It involves measuring the planet-induced wobbling of a star
due to their mutual gravity. The RV method has continued to produce steady discoveries over the
years, but has been more recently outpaced by dedicated surveys looking for exoplanet transits. A
transit is when an object passes between the host star and the observer, blocking a portion of the
starlight, and causing a drop in the flux received at Earth. Entire fields of stars can be monitored
simultaneously for the tell-tale dip in brightness due to an exoplanet crossing, and so searching
for exoplanet transits has proven to be a hugely efficient detection method and has produced the

majority of discoveries to date.
1.1.2. The current picture of exoplanets

Over the last few decades, one of the most ubiquitous and possibly surprising results of exoplanet
discovery, has been variety. We have now firmly buried the old idea that exoplanet systems would
generally look like variations on our own solar system. The very first known exoplanets were found
in a completely alien neutron star system. We have learned that roughly 1% of stars have extremely
short-orbit giant planets dubbed “hot Jupiters" orbiting them (e.g. Dawson & Johnson, 2018). We
have discovered what are likely molten lava planets (e.g. CoRoI-7b (Léger et al., 2009; Queloz
et al., 2009), Kepler-10b (Batalha et al., 2011), and Kepler-78 b (Sanchis-Ojeda et al., 2013)),
as well as puffed-up giants (e.g. Kepler-51b, c, and d (Steffen et al., 2013; Masuda, 2014), and



Kepler-87 ¢ (Ofir & Dreizler, 2013; Ofir et al., 2014)) with bulk densities similar to cotton candy.
The most prevalent planets in the entire Galaxy appear to be in the super-Earth and sub-Neptune
size range (Guo et al., 2019). All of these are planet archetypes that are completely lacking in our
own solar system.

In conducting exoplanet searches, we have learned that there are likely more planets than stars
in the Galaxy?, meaning planetary systems are the rule rather than the exception. Our various
exoplanet survey missions have been able to map out a wide range of parameter space where
exoplanets appear to exist (e.g., Figure 1.1) and we are now able to discern trends for specific
sub-populations. For example, we can distinguish the statistics of planets around different types
of stars. A true “Earth2.0" would be a planet with Earth-like properties orbiting a Sun-like (or
G-type) star. Small planets are common around G stars, peaking around 2—4 Rg before dropping
off at larger radii (Foreman-Mackey et al., 2014). There also seems to be a shift in orbital period
statistics for different planet sizes. For instance, small planets peak at specific periods (~ 20 days
for 0.5-2Rg, and ~ 70 days for 2-8Rg), whereas the occurrence rates for large planets (> 8Rg)
appears to steadily increase out to several hundred days where our statistics become much poorer
(Foreman-Mackey et al., 2014).

Based on their sheer numbers in the Galaxy and properties that facilitate planet detection
(discussed later in Section 1.5.1), M dwarf stars have become a promising place to look for

habitable rocky planets. A recent occurrence rate inquiry on close-orbiting rocky planets around

1+0.24
-0.19

periods between 0.4 and 7 days (Ment & Charbonneau, 2023). Interestingly, though terrestrial

mid-to-late M dwarfs reported 0.6 terrestrial planets per star with radii above 0.5 Rg and
planets and larger sub-Neptunes are equally prevalent around G and K stars (Fulton et al., 2017),
rocky planets outnumber sub-Neptunes around M-dwarfs, possibly by a ratio as high as 14:1 (Ment
& Charbonneau, 2023). This follows a general trend of more rocky planets around less massive
stars (Fulton & Petigura, 2018; Wu, 2019; Cloutier & Menou, 2020). There is also a tentative
suggestion that terrestrial planet occurrence drops off for radii below 0.9Rg, indicating that large
rocky bodies could be more common than small ones (Ment & Charbonneau, 2023).

Despite the successes we have enjoyed, a number of questions remain uncertain and have proven
challenging to address. One major collection of ideas that has social implications beyond simple
astronomical curiosity: just how unique is Earth and life? How does our solar system fit into
the grander picture of planetary systems? How common are Earth-like planets with habitable
conditions? What makes a planet “habitable"? Will we be able to detect signatures of life on
exoplanets? These are some far-reaching questions that do not yet have solid answers.

Questions surrounding the precise mechanisms for planet formation remain unclear. Two main
avenues of formation have been proposed: A low-entropy (“cold-start") mechanism where planets
are built up from smaller solid constituents via core accretion before capturing gas, or a high-

entropy (“hot-start") mechanism where local instabilities allow for a direct collapse of protostellar

2https://exoplanets.nasa.gov/keplerscience/



disk material into large gas giants (Fortney et al., 2008; Baraffe et al., 2003; Chabrier et al.,
2000). While both appear possible, it is not clear if one process dominates and under what specific
conditions.

There also exists a curious gap in planet sizes around 1.8 times the mass of Earth (Fulton
et al., 2017), dubbed the “Fulton gap". This may indicate a demarcation between large rocky
planets and small gas-rich ones, but it is unclear whether planets rarely form at this size, or if (and
how) they might evolve away from it once formed (Owen & Wu, 2017; Jin & Mordasini, 2018;
Rogers & Owen, 2021; Gupta & Schlichting, 2019; Lee & Chiang, 2016; Lopez & Rice, 2018).
Curiously, this gap seems to mostly vanish when looking at planets around low-mass stars (Cloutier
& Menou, 2020). It has also recently been found that there is space for water-rich worlds with
modest hydrogen envelopes to exist in this region (e.g., Piaulet et al., 2023). Many degeneracies
exist between planetary composition and bulk density (e.g., Luque & Pallé, 2022), and atmospheric
characterization may be required to break them.

Mapping out the distribution of many planets according to their parameters (e.g., radius, mass,
orbit size, temperature, etc.) helps to define the edges of these distributions. However, care must
be taken not to confuse a lack of detections for lack of planets in regions of parameter space where
observing biases are strong. It can require care, diligence, and innovation to expand the detection
limits past these hard-to-observe planets. Long-period (>100 days) exoplanets are currently very
challenging to access, despite their scientific value as atmospheric laboratories decoupled from
stellar irradiation and as comparison points to our own solar system planets. They tend to fall
through the cracks in most survey sensitivities and require a lot more effort to measure than their
short-period counterparts. Fortunately, the field does not lack dedicated inquirers and talented
innovators. These big questions and more are being tackled from many angles and progress is
inexorable, if perhaps not always as fast as one might wish.

This thesis primarily focuses on using the transit method for exoplanet characterization, and
participating in planet candidate follow-up efforts. While the main thrust is exoplanet transits,
we employ and discuss several related and complimentary techniques as well. However, before
detailing the doctoral thesis work, we begin with some discussion about the transit method itself

and its relation with some other complementary science.

1.2. Background and History of Transits
1.2.1. A basis in binary star studies

The history of transit studies begins not with planets, but with binary stars. Some stars that
orbit in binary pairs may, by their random orientation, periodically pass in front of and behind

one another with respect to our viewing angle. Since binary stars can have size ratios near unity,



and dramatic differences in surface brightness, the amount of light blocked by a companion and
corresponding flux received at Earth may modulate substantially, even to the naked eye.

Indeed, likely the first documentation of what is now known as an eclipsing binary variable
dates back over 200 years. John Goodricke described in letters to a colleague the periodic bright-
ness changes he had observed in the star Algol (Goodricke, 1783, 1784). However, a physical
interpretation of the phenomenon did not arise until nearly 100 years later when Pickering (1880)
proposed that the sequential eclipsing of two round bodies in mutual orbit could explain the ob-
served variability of Algol. We now, of course, have exquisitely detailed measurements of Algol’s
variability (Figure 1.2).

The study of eclipsing binaries really began to take off several years later, at which time
the first mathematical framework was developed by Henry Norris Russell and Harlow Shapley
to quantitatively characterize any general eclipsing system (Russell, 1912a,b; Russell & Shapley,
1912b,a). Though effective in pushing the field forward, it made some oversimplifications regarding
the stellar shapes and their surface intensity profiles.

A better strategy was introduced by Kopal and Piotrowski a few decades later (Kopal, 1941,
1946, 1948; Piotrowski, 1947, 1948). Instead of solving for exact solutions, they employed an
iterative series of approximations. This allowed for less simplistic and more general formulations
of the stellar shape, limb darkening profile (see Section 1.3.1 and Figure 1.6) and mutual illumination
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Fig. 1.2. Algol’s light curve from the Transiting Exoplanet Survey Satellite mission. Deep flux
drops indicate the brighter primary star being partially occulted whereas the reverse is true during
the small flux drops.
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Fig.1.3. Left panel: Venus’ transit trajectory differs when viewed from widely separated latitudes3.
Right panel: Schematic showing terms for orbital position relations. The elongation angle is € and
the phase angle is a.

of the stars. The iterative approach also quantified the uncertainty and stability of the solution,
although the calculations involved proved to be a long and tedious process. With the advent
and proliferation of “automatic computers", the calculations could be performed iteratively by a
machine rather than searching for close-formed solutions (Huffer & Collins, 1962; Jurkevich, 1970;
Linnell & Proctor, 1970; Budding, 1973; Soderhjelm, 1974). This set the groundwork for modern
stellar eclipse codes, which themselves have since been modified to handle star—planet transits and

eclipses.

1.2.2. First applications to planets

A ubiquitous difficulty encountered in astronomy is the challenge of observing objects and
phenomena at extremely large distances. It should come as no surprise then, that planetary transits
were first observed in our own solar system rather than in distant star systems. Mercury and Venus,
having orbits interior to Earth, sometimes transit across the disk of the Sun and can be observed in
great detail from Earth. These Sun-transiting events have proven very useful, not just as exoplanet
transit analogues, but as astronomical events in and of themselves.

Indeed, observing the transit of Venus from different locations on Earth’s surface is a relatively
simple and accurate way to measure the astronomical unit. By observing the transit event from
different locations, one can calculate a parallactic shift in Venus’ trajectory across the solar disk.
This parallax measurement provides an Earth—Venus distance at the point of inferior conjunction,
i.e., when Venus is aligned directly between the Earth and the Sun. Knowing the Earth—Venus
distance, and measuring Venus’ angle of greatest elongation, a few steps of simple geometry and

3https://general-tools.cosmos.esa.int/vex/venus_transit.html
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Fig.1.4. Lightcurves of HD 209458 b first published by Henry et al. (2000) (left) and Charbonneau
et al. (2000) (right), marking the first measured exoplanet transit.

trigonometry produce the Earth—Sun distance (~150 million kilometres). Figure 1.3 shows the
parallactic shift in Venus’ transit trajectory and also various definitions of planetary alignment.
Looking outside our solar system, the idea of discovering exoplanets via the transit method dates
back as early as Struve (1952), and the first serious quantitative discussion of finding exoplanets
this way was put forward by Rosenblatt (1971). The first true exoplanet transit measurements were
of the planet HD 209458 b, with both Charbonneau et al. (2000) and Henry et al. (2000) publishing
their detections in the same journal issue (Figure 1.4). This exoplanet was already known to exist
as it had been previously discovered with RV measurements. The first discovery of a previously
unknown exoplanet by the transit method was OGLE-TR-56b (Udalski et al., 2002), detected
by the Optical Gravitational Lensing Experiment (OGLE). Designed to look for the photometric
variability of stars caused by gravitational lensing of small objects, OGLE was well suited to also
detecting exoplanet transits. As detectors, telescopes, and techniques have improved we have been

able to discover ever smaller exoplanets in ever larger quantities.

1.3. Geometry of Transits
1.3.1. Anatomy of a transit light curve

Unlike observing transits of our own solar system bodies, the host star is never spatially resolved
when observing exoplanet systems. Instead of seeing a dark shadow move across a stellar disk, we
only detect the small drop in the received starlight flux as the planet transits. Tracking this flux
level over the duration of a transit produces a what is called a transit light curve which has several
important features (see Figure 1.5).

The transit depth (AF) is how far the flux drops as a ratio of the unobstructed flux level. A
deeper transit indicates that the relative size of the planet is larger. Typically, AF is on the order of
~ 1% for large exoplanets, and much lower for smaller ones. There are, in general, four particular
times of interest along the light curve that are called contact points. The time of first contact (¢;)

marks when the planet first encounters the stellar disk and the light curve first begins to drop. This
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Fig.1.5. Asthe planet crosses the stellar disk, the shape of the time-variable flux drop is determined
by characteristics of the star, the exoplanet, and its orbit. The transit depth (AF) and four “contact
points” (¢;_yy) are important values for characterizing the system.

is the beginning of the ingress of the planet. Second contact (¢;;) is defined by the flattening of the
curve and marks when the planet is, in projection, fully within the stellar disk. This point marks
the end of the ingress period. The third and fourth contacts (¢, t;y) are the reverse of the first
two, tracing the egress of the planet from the stellar disk.

The impact parameter (b) is the fractional projected distance the transit trajectory takes from
the centre of the star’s disk (Figure 1.6, left panel). For example, a perfectly edge-on system will
have a planet pass directly through the centre of the stellar disk, giving an impact parameter of
b = 0. Tilting the orbit away from this orientation increases b. As b — 1, the planet just grazes
the edge of the stellar disk. In such grazing transits there may not be distinct #;; and #;;7; locations
on the light curve. If the planet does not fully enter the disk of the star, we observe only a smooth
U-shaped dip in the flux from #; to #;y. Grazing transits are much more common in binary star
systems where the relative sizes of the objects are more similar, but it can still occur in systems
where the size ratio is very unbalanced.

Another factor in the shape of the light curve, is fact that the projected disk of a star may not
be uniformly illuminated. For instance, the phenomenon of limb darkening causes the intensity of
the stellar disk to drop towards its edge (or “limb”’) which occurs to varying degrees depending on
the type of star. Limb darkening is the result of gas opacity in the outer regions of the star. If one
considers the typical path length that a photon can travel in the outer layers of the star, the photons
emitted towards the observer from the centre of the star originate from a deeper and hotter layer than

photons emitted from the limb. Therefore the centre of the stellar disk appears somewhat brighter
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Fig.1.6. Left panel: Geometric interpretation of the impact parameter, b. Right panel: Comparing
the similar smoothing effect of impact parameter and limb darkening. Figure from Perryman
(2018a), adapted from Seager & Mallén-Ornelas (2003).

and hotter. Unfortunately, the effect on the observed transit light curve is very similar to that of
a large impact parameter: it rounds out the otherwise sharp corners and makes determinations of
ti—1v less clear (Figure 1.6, right panel).

The resulting impact parameter—limb darkening degeneracy typically requires multi-wavelength
observations to break. Though strong limb darkening and a high impact parameter both work to
soften the sharp edges of a transit light curve, only the effect of the impact parameter is achromatic.
The optical depth through the outer gas of the star depends on wavelength, and so the limb
darkening profile will as well. The impact parameter is a purely geometric effect and will remain
largely unchanged at different wavelengths. This differing behaviour can be used to break the

degenerate effects.
1.3.2. Transit probability

Though it has proven itself to be a powerful exoplanet detection and characterization tool, one
of the major drawbacks the transit technique suffers from is the low probability that any given
exoplanet system is appropriately oriented with respect to our sight line. Without an inclination
(the angle between our line of sight and the exoplanet’s orbital axis) sufficiently close to 90°, no
transit is visible at all.

Making the assumption of a circular exoplanet orbit and a small exoplanet size, we can carry
out a very simple calculation of the transit probability (see Figure 1.7). By simple geometry, the
exoplanet casts a shadow in the angular region of 260 = 2R, /a behind it. Since this angle is constant
if the orbit is circular, we simple multiply by 27 to find the band of solid angle the planet traces out
during one full orbit (47R,/a). Assuming a totally random inclination angle with respect to our
line of sight, the probability that an observer will be able to see a transit is simply the solid angle

of the transiting band divided by the solid angle of the full sky sphere (4r). The probability works



Fig. 1.7. The “shadow" cast by a planet traces out a swath of solid angle across the sky. The
geometric transit probability is the fraction this band makes of the whole sky.

out to be the simple ratio of the star size and the orbit size: P = R,/a. A larger star and a tighter
orbit contribute to a higher transit probability. Rewritten into more conventional units,
Ry a \~!
P~0.005| 2] (=) 13.1
( R@ ) lau ( )

the probability of a transit is clearly very low for systems similar to the Earth—Sun system.

1.3.3. Realistic dependencies

In more realistic scenarios, the transit probability is less straightforward. Orbits are not perfectly
circular, but belong to a family of ellipses. Fully specifying an orbiting system in space requires
a set of six parameters. Two of the parameters describe the size and shape of the orbit (a, the
semimajor axis and e, the eccentricity). The others describe the orientation of the system with
respect to a reference direction (often our line of sight), and the location of the orbiting body along
the ellipse. The inclination (7), longitude of the ascending node (£2), argument of pericentre (w),
and true anomaly (v) are shown in Figure 1.8.

Any eccentricity in the planet’s orbit causes the planet—star distance to change over the course
of one period. Accordingly, the solid angle swath traced out by the planet’s shadow is non-uniform
in angular size. The range of inclinations that a transit is observable from is greatest in the direction
of the pericentre location (where the planet is at its closest approach to the host star) and is smallest
in the direction of the apocentre location (where the planet is at its greatest separation from the host
star). The non-uniformity of the transiting regions for an eccentric orbit is displayed in Figure 1.9

This non-uniformity means the argument of pericentre (w, which defines the location of peri-
centre) plays a role in defining the transit probability for a given observing direction. If pericentre
is aligned toward the observer, transit probabilities are higher than if some other phase (especially
apocentre) is aligned with the observer. This will cause us to detect more systems with pericentre

aligned towards us than any other direction which is not representative of a random population.
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Fig. 1.8. Schematic of parameters used to fully describe an orbital system. Figure from Perryman
(2018a).

To calculate the specific transit probability of an eccentric system being visible from anywhere
on the sky, one must carry out a full integral over the orbit using the expression
a(l —e?)
r(v) = ———.
) I+ecosv
An additional consideration is the finite size of the planet. There are viewing angles from which
the observer can only see a grazing transit. The probability of a full transit is smaller than the

probability of seeing any kind of transit signal due to these grazing zones.

1.4. Information Available from a Transit Light Curve
1.4.1. Using photometry alone

Upon measuring a transit light curve, there are generally four principal observables that can be
immediately extracted: the period of the orbit P, the depth of the transit AF, the interval between
the first and fourth contacts ¢ty = t;y — t; (i.e., the whole transit duration), and the interval between
the second and third contacts ¢tz = t;;; — t;7 (i.e., the duration that the transit is at its full depth).
These four observables can be used to create geometrical equations that relate other features of the
transiting system. The geometries and formulations are more thoroughly discussed in Seager &

Mallén-Ornelas (2003) and Perryman (2018a), but a brief coverage is provided below.

11



planet orbit

Fig. 1.9. When the planet has nonzero eccentricity, the varying distance from the host star produces
a “transit shadow” that depends on orbital phase. Figure from Perryman (2018a), adapted from
Barnes (2007).

First of all, P is not well-constrained by a single transit measurement, but by measuring the time
separating subsequent detections. One must be careful that transits were not missed between two

separated observations, otherwise various P = Ppeasured/7 (Where n is an integer) aliases remain

possible.
The flux drop is simply the fraction of the cross-sectional area of the host star that is covered
by the transiting body,
R\2
AF = (—”) (1.4.1)
Ry

(Perryman, 2018a). This, of course, assumes a uniformly intensity of stellar surface, which isn’t
exactly true. However, it provides a reasonable approximation.

The total transit duration 77 is equal to the fraction of the orbital period where the projected
distance between the planet and stellar centres are less than R, + R), (see Figure 1.10):

Ry

2 _ Y
sin(trm/P) = — [1+(Ry/Ry)]” = [(a/Ry) cosi]

(1.4.2)
1 —cos?i

(Sackett, 1999). A similar calculation can be done for the duration of full transit, 7z, the difference
being the boundaries are marked by when the separation between the planet and stellar centres are
less than R, — R,,. The result simply exchanges the “+" for a “~" in the first bracketed term. It has

been written in fractional form with Eq. 1.4.2 to remove some common coefficients:

sin(izn/P) |11 = (Rp/Ro)1? = [(a/Ry) cos i]zr/z

sin(tpm/P) (1.4.3)

[1+ (RP/R*)]Z — [(a/Ry) cosi]?
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Fig. 1.10. Calculating the duration of the transit (full or partial) involves the fraction of the orbit
where the projected disks of the planet fully or partially overlap. Left panel: Transit observer’s
perspective. Right panel: Top-down view of orbit.

In addition to these three geometric equations, two physical equations complete the set that is
needed to ascertain the available parameters of the system. Kepler’s third law helps by relating the

period, semi-major axis, and stellar mass (using the approximation of M, > M)

4na3 47243

P = ~ : (1.4.4)
G(My+M,)  GM,
and the final piece needed is the stellar mass—radius relationship,
R, = kM. (1.4.5)

Here, the coefficient k and power-law index x are dependent on the type of star (e.g. main sequence,
giants, etc.).

With these five equations, the five unknown parameters (My, Ry, a,i, and R,) can ultimately
be found, though there are useful physical quantities that can be derived from just the first four
relations (Eqgs. 1.4.1-1.4.4) and the four measured quantities P, AF, t7, and tF.

A trivial rearranging of Equation 1.4.1 provides the simple relation of,

R
-2 = VAF. (1.4.6)
Ry

Recall that, strictly speaking, this requires the assumption of a uniformly illuminated stellar disk (i.e.,
neglecting limb darkening). The impact parameter (b) can be obtained from observed quantities

by combining Equations 1.4.3 and 1.4.6,

y_a | 0= VAR~ fsin’ (e P sin (e L + VAR ]

R 1 — [sin®(tpm/P)/sin®(t7m/ P)] (1.4.7)
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The orbit’s semi-major axis in units of stellar radii (a/R,) can be extracted from Equations 1.4.1

and 1.4.2,

(1 + VAF)? - b2[1 — sin’*(t77/ P)] 12
sin?(t77t/ P)

Finally, and perhaps surprisingly, the bulk density of the star can be constrained by the observables

a

Ry

(1.4.8)

using Kepler’s third law (Equation 1.4.4, assuming M, < M,) and Equation 1.4.8:

_ M, 4r?
=g~ PG

(1 + VAF)? = b2[1 = sin®(t77/ P)] i

sin’(trm/P)

(1.4.9)

The equations listed above take on more simplified forms under the assumption of R, < a.
This is equivalent to the statement t77/P < 1, in which case sin(f77/P) = trx/P (and similarly
for ¢, which is smaller than 77) (Seager & Mallén-Ornelas, 2003; Perryman, 2018a).

Finally, with these useful quantities calculated, we are in position to determine the five
physical parameters. It is at this point where we need to invoke the stellar mass—radius re-
lation despite its accompanying empirical uncertainty. Putting Equation 1.4.9 in solar units,
Pyl Po = My/Mo(Ry/Ro)™> = k=3 (M,/My)'~3*, we can determine the stellar mass,

1/(1-3x)
M
My _ (k3p_*) , (1.4.10)
Mo Po
The stellar radius is then easily extracted via the mass—radius relation,
R M x x/(1-3x)
ok (—*) - (kl/xp—*) . (1.4.11)
Ro Mo Po

Obtaining the orbital radius from Kepler’s third law becomes trivial now that we have expressions

for the stellar mass (again assuming M, << M,),

PGM,\'"?
a:( )

o (1.4.12)

The inclination is a simple rearrangement of the impact parameter equation (1.4.7) now that R, /a
and b are known,

R
i =cos™! (bj*), (1.4.13)

and most importantly for many researchers of exoplanets, the planetary radius can be extracted
from the definition of AF:

R, R
P _ % AF:(kl/x& VAF. (1.4.14)

Ro - Ro Po

Everything calculated up to this point has been under the assumption of a circular orbit (e = 0),

)x/(l—3x)

which is not totally accurate, but the majority of confirmed exoplanets have low eccentricity* so

4https://exoplanetarchive.ipac.caltech.edu/index.html
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Fig. 1.11. Examples of transit light curves calculated from parameters Ty, P, R,/ Rx, a/ R, e, and
w. Parameters are varied one parameter at a time compared to the base model (thick green). There
is a complex interplay, not shown here, between e and w on the transit shape. The e,w interplay
affects the velocity of the planet, and also the star—planet distance (and thus alignment) during the
transit. Limb darkening has been kept constant in these examples.

the approximation can be useful. With an enormous amount of algebra, these equations can be
generalized to any eccentricity (e.g. see Appendix A of Kipping, 2008).

One might note that obtaining physical units for these exoplanet and orbit quantities requires
some knowledge about the stellar mass and radius. In making transit measurements, but also more
generally in other areas of exoplanet research, the oft-touted aphorism of “know thy star, know
thy planet" holds a lot of weight for the outcomes. In the formulations listed above, we use the
empirical mass—radius relation (Eq. 1.4.5) for this information. On a case-by-case basis, it can
often be more beneficial to use external observations to characterize the star in question. These
often take the form of spectroscopic measurements and modeling to constrain stellar properties.

Nowadays, a plethora of modern software tools are available that do all of these calculations in
the background while allowing a researcher to work with just the physically relevant parameters.
Transit light curve models can then be generated directly from the desired physical and orbital
parameters (see Figure 1.11). Some equivalent substitutions can be made in the particular basis
set of parameters that uniquely describe a transit’s shape, but the set of 7j (transit midpoint),
P,R,/Ry«,a/Ry, e, w,and i, plus a description of the stellar limb darkening profile is perhaps the
most straightforward. Other parameterizations might be used for more efficient parameter space
sampling, or because a prior constraint is known on some other related quantity. Normal practice is
to fit a transit model generated by these parameters directly to the acquired data. This is often carried
out through statistical techniques like Markov chain Monte Carlo (MCMC) or nested sampling.
These not only provide the best-fitting transit model, but map out the uncertainty and correlation

of the parameters.
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1.4.2. Combining transit photometry and radial velocity observations

RV measurements of an exoplanet system provide valuable data on their own, but are also
extremely complementary to transit observations. The basic tenet behind RV determination is that
a planet does not simply orbit a star that is fixed in place. Because the planet itself has mass, the
star and planet mutually orbit a common centre of mass, or barycentre. While the reflex motion of
the star due to a planet is small owing to an unbalanced mass ratio, it is often sufficient for detection
by sensitive velocimeters. Such instruments measure the Doppler shift of the star’s spectral lines
as it wobbles toward and away from the observer over the course of the orbital period.

The following formulations are covered more fully in Perryman (2018a, Ch. 2.1) and Wright
& Gaudi (2013), but we will summarize them here. Geometry defines the line of sight coordinate,
z, using the time-varying barycentric distance, r(¢), and other angular orbital elements. It and its

time derivative can be expressed as,

z=r(t)sinisin(w + v),

‘ . (1.4.15)
v, =z =sini[Fsin(w +v) +rvcos(w +v)].
Some algebraic substitutions for  and 7 lead to,
v, = K[cos(w + v) + ecos w], (1.4.16)
where, .
_ 27 axsini (1.4.17)

“PVILe
is called the radial velocity “semi-amplitude”. For circular orbits (e = 0), the RV signal is clearly
sinusoidal with semi-amplitude K. When eccentricity is non-zero, the signal can be substantially
skewed and distorted depending on the orientation of pericentre described by w. The semi-
amplitude is attenuated by any deviation from i = 90°, as the line-of-sight velocity component
shrinks if the orbital plane is not viewed edge-on. The magnitude of K is also determined by the
relative masses of the two bodies and their separation, though this is more easily seen if we expand
the expression for P, as follows.

Since the RV technique aims to measure the motion of the star due to the planet, it is instructive to
re-write Kepler’s third law in the barycentric frame of reference. The typical P? = 47%a>/[G (M, +
M,)] form uses a = a. + a, where a, and a, are, respectively, the orbital sizes of the star and the
planet around the barycentre. These individual semi-major axes are related to the object masses
and combined semi-major axis by,

M, M,

— " 4 and a, = —* 4 1.4.18
M+, T e, (1.4.18)

Ax
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Fig. 1.12. Examples of RV curves calculated from parameters P, Ty, e, w and K, where P is in
days, w is in degrees, and K is in m/s. Simply changing viewing angle (w) and no other parameters
can produce substantial changes in the RV curve (orange vs. purple curves). Deviations from e = 0
produces a non-sinusoid shape, as is evident in Equation 1.4.16.

Combining Equation 1.4.18 (for a,) and Kepler’s third law with Equation 1.4.17 produces a more
insightful form for the (squared) semi-amplitude,

G 1 M3 sin’ i
(1 —€2) axsini (My + M,)?’

K? = (1.4.19)

An a, sini term is kept in the denominator because neither a, nor sin i can be uniquely determined
on their own from an RV data set, but their combination can be constrained via P and e (Eq. 1.4.17).
A quantity called the “mass function" (M) is defined such that it isolates observables on one side
and unknowns on the other,

M sin’ i CKX(1-¢?)
(M, + Mp)? G

PK3(1 - €2)3/2

M= ,
2nG

(axsini) =

(1.4.20)

where the final expression comes from substituting a, sin i from Equation 1.4.17. The mass function
is a very useful quantity for constraining the component mass ratio of the system.

On its own, an RV curve with sufficient data coverage will provide measures of P, K, e, w, v and
a sini based on its shape and phase (Figure 1.12). Unfortunately, without additional measurements,
the absolute masses and semimajor axes of the star and planet remain confounded with one another
and with the unknown inclination of the system. This is where the synergy between RV and transit
studies comes into play.

Exoplanets that have been identified via transit surveys are already prime candidates for RV
followup. By definition, a planet that transits has an inclination close to 90° which maximizes the
RV signal and strongly constrains the sini uncertainty. Furthermore, if an estimate of the stellar
mass can be made by other means (e.g. its spectral type and luminosity class, or through transit

observables and the mass—radius relation) then the RV mass function can be used to solve for
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the planet mass itself. This planet mass, coupled with the planet radius obtained from the transit
data together provide the bulk planet density, a glimpse into the composition of the distant planet.
In fact, the only orbital parameter that is not determinable by the transit+RV combination is the
longitude of the ascending node (€2, the orientation angle on the plane of the sky). This remains
unconstrained because the rotation of a system around the line of sight axis has no effect on either
transit light curve or the radial velocity components. This final parameter must be obtained through
other techniques such as astrometry, which involves actually seeing the motion of the star on the
plane of the sky.

1.5. Pitfalls of the Transit Method

1.5.1. Intrinsic biases

We have already discussed the general low transit probability that limits the transit detection
method, but there are also intrinsic biases that affect the types of exoplanet systems that are most
likely to be detected. Detector precision limitations restrict how shallow of a transit can be detected
in a light curve, favouring larger planets around smaller stars. In addition, not only do long-period
planets have lower transit probabilities, but they are simply less likely to produce transits in a given
survey’s operational time interval. This leads to poorly sampled or even entirely missed long-period
planets. Singular transits cannot provide a robust period estimate and require substantial follow-up
effort to verify.

These two biases have led to a shift in the search for habitable worlds from Sun-like stars to
small, cool red dwarfs. M-dwarfs make up the large majority of stars in the Galaxy, and their
small size and mass contribute to both stronger transit and RV signals for a given orbiting planet,
respectively. Because of their low luminosity, their habitable zones (where liquid water may exist)
are much closer to the star, leading to short periods and increased observability. There are other
unsettled questions regarding the role of M-dwarfs activity and high-energy flux on true habitability
(e.g. Buccino et al., 2007; Sanz-Forcada et al., 2010; Ranjan et al., 2017; Bolmont et al., 2017;
Dong et al., 2018) but from a detectability is standpoint, the best place to look for an Earth-sized
habitable zone planet may be around very cool stars.

1.5.2. False positive detections

There are several types of astrophysical false positives that can mimic an exoplanet transit in an
observed light curve. The light curves of grazing stellar binaries can commonly trigger a detection
flag in surveys searching for exoplanet transits. Though the transiting star is much bigger than a
planet, only a fraction of it actually blocks any starlight and so it may display a AF drop of similar
magnitude as would be expected for an exoplanet. While potentially useful discoveries in their own

right, grazing stellar binaries constitute a source of noise in the pipelines dedicated to exoplanet
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Fig. 1.13. Three potential causes of false-positive transit detections.

discovery. Fortunately, this type of false positive can often be identified by their V-shaped light
curve with no clear end of ingress or beginning of egress (because contact points #;; and ;77 do not
exist). If one is able to constrain the limb darkening of the star via other means to be inconsistent
with such a gradual flux change, this false positive could be rejected with even more confidence.

Another source that can produce exoplanet-like transit light curves are blended stellar binaries.
In this case, the single source on the instrument’s detector is actually composed of three unresolved
stars: an eclipsing binary pair, and a solo star. These stars might either be bound together as a
hierarchical triplet, or simply share a line-of sight position on the sky. The binary pair would
normally show a deep AF if they were observed on their own, but the solo star adds its own flux
to the measurement, diluting the fractional AF we observe to a depth consistent with an exoplanet.
Unlike the grazing binary false positives discussed previously, this scenario may retain the sharp
light curve contact points that mark a full ingress and egress. To combat this type of false positive,
one can make a probabilistic estimate on the odds that there is a blended binary hidden in the
point spread function based on stellar density and binary rates in the field, or acquire high spatial
resolution images of the target’s surroundings to rule out or account for optical neighbours.

Such high-contrast imaging usually takes the form of adaptive optics (AO) or speckle imaging.
In AO systems, incoming light wave-fronts distorted by Earth’s atmosphere are corrected in real-time
using very fast feedback loops and deformable mirrors. The correction can achieve diffraction-
limited imaging, even when peering through the turbulent atmosphere. Speckle imaging does not
involve real-time correction, but takes images at a very rapid cadence so that the ever-changing
“speckle" pattern caused by the atmosphere distortion is temporally resolved. The images can be
speckle-subtracted or cross-correlated after the fact to search for sources at high spatial resolution.
Use of these techniques is fairly standard practice in following-up an exoplanet candidate. They
can resolve angular separations of ~0”1, dramatically reducing the PSF size and limiting the area
for potential blends. If no nearby source is detected, the blend probability substantially decreases
given the small PSF size. If a nearby companion (bound or in projection) is detected, the additional

flux dilution can be accounted for in the planetary radius estimate.
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Other small objects transiting the host star can look like exoplanet transits. Low mass red and
brown dwarfs are not substantially bigger than the largest exoplanets (Chabrier et al., 2009). Since
transit photometry only produces the R,/R, ratio, one needs to characterize the host star to be
able to set a physical size to the transiting body. Additional radial velocity measurements may be
required to find a mass for the transiting object and determine if it is planetary in nature or not.

The three false-positive scenarios above are all the result of real transiting events, though
not of exoplanets. Qualities of the star itself may provide additional false triggers if it produces
some intrinsic photometric variability. Long-lived, dark star spots traverse across the disk of a
rotating star and may produce a periodic flux drop (Perryman, 2018a). However, star spots are
generally non-permanent and non-static features, and their projected area on the stellar disk from
the observer’s perspective is not constant since they are a feature of the stellar surface. This may
give the “transit” a strange shape that changes between periods. Stellar activity in general can

produce quasi-periodic signals that may mimic transit signals in some cases.

1.6. Transit Timing

Beyond merely measuring the photometric changes of a transiting system, the precise timing
between transits can be measured once several transits have been observed. Characterizing small
deviations from a constant period (transit timing variations; TTVs) or deviations in transit duration
(transit duration variations; TDVs) can provide information on other dynamics that are taking place
in the distant system.

The most frequently discussed causes of TTVs/TDVs are generated through direct planet-planet
interactions. They can provide evidence of and information on additional unseen planets in the
system that may be invisible to other detection methods. The effects can be especially large if
the two planets orbit near a mean-motion resonance (Lithwick et al., 2012), i.e., when the ratio of
their periods is close to a ratio of small integers. Long-term interactions between the two orbits
induce transit timing and duration oscillations with characteristic timescales of tens, to hundreds, or
even thousands of orbital periods. This “super-period" is dependent on the specific orbital periods
involved and how close they are to resonance (Deck & Agol, 2015). Like many resonant systems,
the amplitude can become very high when close to perfect resonance (Deeg & Belmonte, 2018,
Ch. 37). A much shorter time scale effect also occurs due to synodic interactions every orbit.
Dubbed a “chopping" signal, this effect is of much smaller amplitude than the super-period signal,
but tends to act over just a couple of orbits (Figure 1.14). The full TTV and TDV model can be
generated over a chosen interval of time by numerically integrating the gravitational equations of
motion given some fixed parameters of the system.

Planet—planet interactions are not the only causes of TTVs/TDVs. Very large variations are
seen in circumbinary exoplanets—planets orbiting a pair of binary stars. Because the binary host

stars physically move about the system barycentre, sometimes the transiting planet will cross the
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Fig. 1.14. TTV analysis of planets PH 3c and PH 3d (a.k.a Kepler-289 ¢ and d). Transit timing
measurements (black dots) trace a slow and large-amplitude super-period with a superimposed
low-amplitude and high-frequency chopping signal component (shown isolated in blue and red).
Original figure from Deck & Agol (2015).

stellar disk earlier or later than in other orbits (TTVs). Varying relative velocities between the
planet and the host star can also change the amount of time the planet spends in transit (TDVs).
The inner binary may also induce precessional effects on the transiting planets, directly altering its
orbit (Armstrong et al., 2013). This concept holds for large inner planets instead of a second star
as well, though with accordingly smaller amplitude.

It also stands to reason that a sizeable moon around the exoplanet (exomoon) may pull the
planet off-course causing TTVs and/or TDVs. With enough photometric sensitivity in a transit
observation, one may be able to see the additional AF added by the exomoon blocking the starlight
as well. An exomoon claim of this type was put forward by Teachey & Kipping (2018), though it
is has been contested (e.g. Kreidberg et al., 2019; Heller et al., 2019).

A number of additional dynamical phenomena can theoretically induce TTVs and TDVs in-
cluding the oblateness of the host star, tidal forces or relativistic precession acting on close-orbiting
planets, as well as eccentricity and inclination variation from secular precession (Deeg & Belmonte,
2018, Ch. 37). Indeed, even the relative motion between the Earth and the observed system can
impose TTVs/TDVs. If the exoplanet system is very close to Earth and moving with a very large
proper motion (i.e., tangential motion across the plane of the sky) the observer may be viewing it

from a slightly different angle from one transit to the next. A similar effect can arise from the motion
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Fig. 1.15. Several situations that can cause TTVs and/or TDVs. Top left: Star’s motion around
barycentre. Figure from Perryman (2018a), adapted from Agol et al. (2005). Top right: Exomoon
inducing additional planetary motion. Figure from Kipping et al. (2012). Bottom left: Geometric
effects of proper motion and parallax. Figure from Perryman (2018a). Bottom right: Identification
and realignment of TTV signals. Figure from Perryman (2018a), originally from Holman et al.
(2010).

of the Earth around the Sun, however these differences are extremely small unless the system is

very near Earth and/or has a very large proper motion.

1.7. Related Science

While most of this doctoral project has focused on observational transit photometry, there are
a host of techniques that are related and/or complementary to the transit detection method. They
frequently share some observational and scientific overlap with the topics discussed previously, but
also add depth and breadth to the exoplanet inquiries that can be undertaken. A few techniques are
discussed below.
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secondary
eclipse

Fig. 1.16. The primary transit is only one portion of the entire phase curve, though it is the most
prominent feature by far. Figure from Perryman (2018a), adapted from Winn (2009).

1.7.1. Eclipse curves and phase variation (photometric)

The photometric signal of an exoplanet around a star is not only measurable during the transit
itself, but also as the planet passes behind the star and even throughout the entire orbit. These
effects are of much lower amplitude than the primary transit, requiring careful selection of targets
with strong signals and sensitive instrumentation to capture them.

When a planet passes behind the host star we call it an eclipse or occultation event. This is
observable in a light curve because immediately prior to the occultation the observer is receiving
direct light from the star as well as reflected and thermal emission from the planet’s day side. As
soon as the occultation begins, the received flux drops with the loss of the planetary contribution
in a manner similar to the primary transit, albeit with much smaller amplitude.

Just as one can measure the sudden loss of the planet’s contribution during an eclipse, it is also
possible to detect the gradual change in total received flux as the planet’s phase changes. Just like
our own Moon’s phases, the planet will display a time-varying fraction of day side versus night side
throughout its orbit. This phase variation produces a sinusoidal flux signal with the deep transit
drop near its minimum (when the night side is facing the observer) and a shallower eclipse dip near
the maximum (when the day side is facing the observer). Figure 1.16 shows a schematic diagram
of the full orbit light curve. This technique can even been used to determine if the tidally-locked
face of a hot Jupiter has its hot-spot offset from the sub-stellar position (e.g. Dang et al., 2018),

indicating strong longitudinal winds redistributing heat on the planet’s surface.
1.7.2. Transit & eclipse spectroscopy

Spectroscopic study of exoplanets generally requires that the hugely dominant stellar light be

disentangled from the planet’s emitted and/or reflected light. This means that either the stellar
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Fig. 1.17. Top panel: Schematic of transit spectroscopy. Planets have different effective radii at
different wavelengths due to differing atmospheric opacities. By measuring the transit depth over
a whole range of wavelengths, a spectrum can be built. Botfom panel: Transit spectroscopy of
WASP-96 b, with JWST data (Radica et al., 2023). Recall from Equation 1.4.1 that AF = (Rp/Ry)>.
Coloured lines indicate when specific chemical components are excluded from the reference (black)
model. Water is clearly the strongest feature in the spectrum, detected with high confidence.

contribution would need to be modelled out, leaving only the orders of magnitude fainter planet
signal, or that the stellar light be blocked from entering the spectrograph. Blocking the starlight
requires sharp spatial resolution and clever coronagraphic techniques as well as a very large planet—
star separations. Direct imaging and spectroscopy of exoplanets is possible, but studies are limited
to very wide-orbit planets with favourable planet—star brightness contrast ratios. Some of these
challenges and limitations can be overcome by observing the planet near or during transit or eclipse

phases.

Transit Spectroscopy:
The main concept behind transit spectroscopy is that the transit depth is wavelength dependent
due to the presence of a planetary atmosphere. The optical depth in the atmosphere depends on

its physical and chemical makeup, and can be more or less opaque at different wavelengths. An
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atmosphere that blocks more light at a given wavelength has the same effect on the light curve as
a larger planetary radius would. For example, if an atmosphere is mostly opaque to photons of
wavelength A; but fairly transparent to photons of A3, then the A; photons will be blocked higher
in the atmosphere than those of 1;. As a result, the planet will look larger when observed at A;.
Spectral observations reveal at which wavelengths the absorption is stronger or weaker, which can
be compared to atmosphere models to determine the presence and levels of various elements or
molecules. Figure 1.17 shows a schematic of a wavelength-dependent light curve, and an example
of an extracted atmospheric spectrum.

This technique probes the regions of the atmosphere where the starlight passes through during
transit, i.e., around the terminator and preferentially at high altitudes. Planet—star system configura-
tions that put relatively more light through the atmosphere increase the signal strength. Hot planets
and low surface gravity planets have larger/puffier atmospheres, and large planets with small stars
maximize the fraction of starlight that is travelling through the planetary atmosphere.

Even with ideal circumstances, the signal strength of these effects is very low (~0.1% at best).
The challenge is to obtain a high enough signal-to-noise ratio in your spectrograph so that the results
can be meaningfully constraining on atmospheric models (Deeg & Belmonte, 2018, Ch. 52).

Eclipse Spectroscopy:

Eclipse (or occultation) spectroscopy measures the difference between the flux of the star alone
(during eclipse) and the combined flux of the star and planet (outside eclipse), all as function of
wavelength. Depending on the waveband of light being observed, this technique may be sensitive
to the reflected light of the star (optical) and/or the thermal emission of the planet itself (infrared).
Because occultation spectroscopy deals with light reflected or emitted from the planet surface (or
opaque cloud deck), it can probe to much deeper layers of the atmosphere than transit spectroscopy
does.

Carrying out occultation spectroscopy is not limited to the phase immediately outside the
eclipse. If the host star is stable enough over the timescale of the exoplanet orbit, the combined
planet-plus-star spectrum can be compared against the eclipse spectrum for any part of the orbit.
Building a phase curve allows for longitudinal mapping of the exoplanet’s atmosphere, especially
if it is tidally locked to the host star so its rotation period is known (Deeg & Belmonte, 2018, Ch.
102).

The James Web Space Telescope (JWST), launched in late 2021, is an incredible instrument
for these types of studies and a major upgrade from previous facilities. First of all, a space-based
vantage point already provides some huge advantages over ground-based instruments in terms of
schedulability and atmosphere-related systematics. But even amongst space instruments, JWST
has a large aperture to provide a higher SNR, better instrumental stability and precision, and wider
wavelength coverage than its predecessors. The broadband coverage gives it access to spectral

regions involving more molecules and allows it to lift degeneracies between cloud cover and
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Fig. 1.18. Rossiter McLaughlin effect as a function of orbital obliquity. Figure from Perryman
(2018a), adapted from Gaudi & Winn (2007).

metallicity (e.g., Constantinou et al., 2023). Despite the giant leap forward that JWST provides,
these remain challenging measurements to make. Choosing optimal targets is paramount. Even
doing so, it may still be a struggle to disentangle all aspects of stellar contamination, producing

tenuous results in some circumstances.
1.7.3. The Rossiter-McLaughlin effect

The Rossiter-McLaughlin (RM) effect is a uniquely informative phenomenon that is intrinsically
linked with the transit process. When a star has some intrinsic rotation, and is not aligned pole-on
with our line of sight, one half of the stellar disk rotates towards the observer while the other half
rotates away. These portions of the stellar surface that move towards or away from the observer emit
Doppler-shifted light. Because the aggregate emitted light has an even mix of red- and blue-shifted
light at various radial velocities, it causes an intrinsic spectral line broadening. The line broadening
is symmetric, and so the net radial velocity we calculate is not shifted. However, as a transiting
object traverses the stellar disk, it can preferentially block blue- or red-shifted light, resulting in a
net shift in the star’s measured radial velocity. The RM effect predicts a very specific departure
from the Keplerian radial velocity curve during transit, according to the stellar spin and the planet’s
size and orbital alignment. Figure 1.18 shows how the shape of the RM signal also changes with
respect to the obliquity angle, (i.e., how misaligned the planet’s orbit and the star’s spin axes are).
It can reveal if the planet orbits in the same sense as the stellar rotation (prograde), indicated by the
red-shift occurring first, or in the opposite sense as the stellar rotation (retrograde), indicated by
the blue-shift occurring first. The RM signal is also affected in more subtle ways by turbulence in
the stellar atmosphere, differential rotation, and convective Doppler shift of the stellar photosphere
(Perryman, 2018a).
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1.8. Prominent Exoplanet Transit Surveys/Missions

There have been many survey missions dedicated to the discovery of exoplanets via their transit
signatures. They span a wide range of scope and sophistication, from small teams setting up
a ground-based telescope to multi-national organizations constructing, launching, and operating
space observatories. Each mission has its own unique capabilities and drawbacks, focusing on
particular target demographics. This section briefly discusses a few of the major transit surveys

and some of their more notable findings.

1.8.1. Ground-based

Ground-based telescopes suffer from the obvious disadvantages that come with being fixed to
a spinning rock under a layer of atmosphere. They have to contend with the day/night cycle and
the limited visibility of a given patch of sky during the year, as well as the Earth itself blocking
certain latitudes from view. The atmosphere contains turbulent air and opaque clouds, and it blocks
certain wavelengths from transmitting. However, the major upshot of a ground-based observatory
is its substantially lower cost compared to an equivalent space-faring instrument. An Earth-bound
facility is also much more easily maintained, repaired, operated, and upgraded. Table 1.1 provides
a brief overview of some of the more prominent ground-based transit survey efforts. Most of the
table’s information was summarized in Deeg & Belmonte (2018) or is available on the various

mission web-pages.
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1.8.2. Space-based

Space observatories have some very clear advantages over ground-based ones. They don’t
have to deal with weather, turbulence, or anything else related to peering through the atmosphere.
With appropriate orbits and pointing, they can stare continuously at their targets without day/night
cycle interruptions. However, their production costs and timelines are often prohibitive to small
organizations. While there are a great many ground-based transit surveys with varying degrees of
overlap in their science goals, we often see singular large space projects improve upon one another

by leaps and bounds, rather than many incrementally improved-upon missions.

CoRoT:

The first space-based mission with a dedicated focus on exoplanet transits was the Convection,
ROtation et Transits planétaires (CoRoT) telescope, launched late in 2006 and de-orbited in 2014.
CoRoT was designed to be very sensitive to photometric variability, a capability integral to its two
main science goals of measuring the vibrational modes of stars (astroseismology) and to search for
exoplanet transits.

Observing star fields for up to 6 months with its 27 cm aperture, CoRoT collected light curves
of ~160 000 stars. From these targets, CoRoT discovered hundreds of planet candidates, 35 of
which have since been confirmed as exoplanets®>. Notably, CoRoT discovered the first transiting
rocky exoplanet CoRoI-7 b, dubbed a super-Earth (Barnes et al., 2010), as well as the first transiting
brown dwarfs CoRoT-15 b and CoRoT-33 b (Bouchy et al., 2011; Csizmadia et al., 2015).

Kepler & K2:

The Kepler mission, launched in 2009, truly reshaped the exoplanet field. One only has to
look at the cumulative exoplanet discoveries over time in Figure 1.1 to see Kepler’s impact. The
once-dominant RV discovery method (red) was rapidly overtaken by the transit method (green),
mostly due to the two sharp jumps that occurred in 2014 and 2016. These spikes were the result
of the Kepler mission announcing the discovery of 725, and 1285 new exoplanets, respectively. It
nearly doubled the known exoplanet count with each announcement.

Kepler’s mission design was to point its 0.95 m aperture telescope at a single patch of the sky
(~12° diameter field of view). It would monitor this region from an Earth-trailing orbit that circles
the Sun with a period of 372.5 daysé. Kepler’s goal was to monitor ~150 000 main-sequence stars
in an attempt to answer the question, “Are Earth-sized planets in the habitable zone common or

rare?”’

Shttps://exoplanetarchive.ipac.caltech.edu/cgi-bin/TbhlView/nph-tblView?app=ExoTbls&
config=PS
Shttps://www.nasa.gov/mission_pages/kepler/spacecraft/index.html
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Kepler’s success was groundbreaking. After 4 years of operation, it had produced extremely
high-precision light curves of over 190 000 stars, discovering ~4600 candidate planets. These
ranged from slightly larger than the moon to three times larger than Jupiter, and with orbital periods
from a few hours to several years. It found 10 planets orbiting binary pairs of stars, and even several
planets orbiting at extreme angles relative to their host star’s rotation. And in accordance with its
mission goals, Kepler found 24 Earth-size or super-Earth-size planets in the habitable zone (Deeg
& Belmonte, 2018, Ch. 52).

Unfortunately, the Kepler spacecraft suffered reaction wheel failures in 2012 and 2013. These
mechanical components are necessary to adjust and maintain the precise pointing of the telescope
in space. The craft was launched with one redundant reaction wheel making the 2012 failure a
recoverable issue, but the second failure in 2013 had no backup system to take over.

The spacecraft could not resume normal operations while short one reaction wheel, but a clever
solution was devised to keep the instrument operating with an alternative observing plan. By
pointing Kepler along the direction of its orbit, and balancing the subtle solar pressure on its solar
panels, the spacecraft could maintain good pointing accuracy and observe 4 fields along the ecliptic
each year. Adopting this strategy marked the end of the Kepler primary mission, and the transition
to the K2 mission in 2014. K2 has continued to collect exoplanet data, much like it had in the
Kepler phase, but its target fields were supplied by community researchers spanning a range of
scientific pursuits.

The Kepler/K2 mission has earned a prominent legacy in exoplanet research due to the quality
of its observations and the sheer number of exoplanets it discovered. Among the major lessons we
learned from Kelper/K?2 is that planets around stars are the rule rather than the exception. We learned
that many exoplanet systems do not closely resemble our own solar system in their configuration
or contents, and that the most common type of planet is something intermediate between Earth-
and Neptune-size, a planet type we have no analogue for in our own system. Beyond exoplanets,
Kepler/K2 also made numerous contributions to other fields relating to stellar variability such as
supernovae, heartbeat stars, and astroseismology (Deeg & Belmonte, 2018, Ch. 52).

TESS:

Today’s most current space-based transit survey mission goes by the name of TESS (Transiting
Exoplanet Survey Satellite), launched in 2018. TESS’s primary goal is to search nearly the entire
sky for relatively bright and nearby transiting objects, and particularly looking for planets smaller
than Neptune. Due to their hosts’ bright nature, exoplanets found by TESS are prime candidates
for detailed spectroscopic follow-up observation that can provide planet masses and atmospheric

characterization.

"https://heasarc.gsfc.nasa.gov/docs/tess/
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TESS has four cameras, each with a 24° x 24° field of view. The four fields are linearly aligned
to achieve an effective seeing area of 24° x 96°. This viewing configuration allows TESS to watch
stars in a sector spanning from an ecliptic pole down to nearly the ecliptic plane in a single pointing.
During TESS’s primary mission, it spent nearly two years tiling of the southern and northern ecliptic
hemispheres. It would spend two orbits (~27 days) pointing at each of 13 of these 24° X 96° sectors
before rotating to the next (see Figure 1.19). The sectors overlap near the ecliptic poles, meaning
the observing baseline ranges from 27 to 351 days depending on the location of the star. TESS
observed the southern hemisphere (Sectors 1-13) during its first year of operation, and switched to
the northern hemisphere (Sectors 14-26) in July 2019. Collectively, these 26 sectors covered more
than 85% of the full sky.

To manage data volume while maximizing scientific output, TESS would record full-frame
images only at a slow cadence while saving small thumbnail image subsets of preselected targets
at a faster cadence. For the primary mission, each sector contained ~15 000 of these preselected
target stars, saved at a 2-minute cadence. The full-field images were recorded with a 30-minute
cadence to facilitate additional science endeavours. The observation strategy was designed so that
the regions which received nearly a year of continuous viewing by TESS (i.e., the ecliptic poles)
overlap with the continuous viewing zone of JWST.

Upon completion of the primary mission in July 2020, TESS began its first extended mission.
This first extension looked very similar to the primary mission, except that it included an extensive
Guest Investigator Program. It allowed community members to propose specific targets for inclusion
in the short-cadence list. This time around, the short-cadence could be requested at either 2-minute

or 20-second rates, and the full frame images were changed to 10-minutes instead of 30. The
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Fig. 1.19. TESS tiled nearly the entire sky over its two-year primary mission. Overlapping sectors
near the ecliptic poles receive longer observing baseline which may detect longer-period transiting
planets. Figure from TESS mission website”.
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southern ecliptic hemisphere pointings of this extension looked very similar to the primary mission,
but the northern pointings were shuffled to include more coverage at the pole and along the ecliptic
plane at the expense of some mid-latitudes. This mission extension ended in September 2022.
TESS’ second extended mission followed a similar practice to the first. It is expected to operate
across three years, and its pointings and targets are largely determined by the Guest Investigator
Program. The major distinction between the first and second extended missions, is that the full-

frame images of the second extension will be taken at a 200-second cadence instead of 10 minutes.

1.8.3. The importance of transit survey missions

In nearly all cases, the main goals of exoplanet survey missions fall into two categories: (1)
Building up the exoplanet catalogues to enable population and statistical studies, or (2) discovering
planets with unique or useful properties that are valuable as in-depth case studies.

Kepler and most other early missions tended to focus on the first point. When few were known,
questions about exoplanets vastly outnumbered answers. It wasn’t until the Kepler mission that
we really understood that planets are the general rule in our Galaxy, not the exception. Any given
star in the sky is likely to have at least one planet around it. By discovering multitudes of new
planets, and by understanding and accounting for our observation biases, we begin to understand
what our Galactic neighbourhood of exoplanets look like. With the ability to look at a collection
of thousands of exoplanets, we gain the ability to discover what properties are most common, the
overall span of various properties, and which types seem to be scarce or difficult to detect.

Unfortunately, the realities of successfully designing and creating a survey instrument and mis-
sion plan will always involve compromise. No mission is good at everything, and forward-thinking
planners will design different missions to complement one another and overcome specific short-
comings. While Kepler provided answers to many broad questions about exoplanet populations,
its static pointing at a relatively small patch of sky placed strong limits on the number of bright
sources in its catalogue. The spacecraft gathered excellent long-baseline photometric information
on the many stars within its field of view, but most of these targets are very faint and of limited
potential for spectroscopic follow-up.

In direct answer to this, TESS was designed to survey the entire sky and focus on bright and
nearby host stars. It continues the goal of building up the catalogue of known exoplanets, but does
so in a way that produces targets that are also ideal candidates for detailed spectroscopic follow-up.
TESS’ own major shortcomings (e.g. small temporal baseline coverage and low spatial resolution),
are in turn supported by a collection of ground-based observatories working together to verify
TESS’ targets.

The general trajectory of the exoplanet field in recent years has been less discovery for dis-
covery’s sake, and more of a focus on the ability to carry out detailed analysis with specific case

studies. TESS is a stepping stone in that direction. Powerful current and future observatories
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designed for detailed characterization of preselected targeted objects (e.g. JWST, TMT, ELT, etc.)
require input from larger survey missions. TESS targets in particular, due to their brightness, are
generally high-value options.

All this is not to say the time of the transit survey is coming to an end. As technology and
techniques improve, we gain the ability to more effectively search the regions of “challenging"
parameter space. Long-period exoplanets pose a difficulty for transit surveys due to their lower
geometric probability and their lower sampling rate. Small rocky planets around Sun-like stars still
remain largely invisible against background noise. Exploring these domains requires dedicated

effort and investment.

1.9. This Doctoral Project

The primary goal that initiated and guided this doctoral thesis was the contribution to the
TESS exoplanet candidate follow-up effort and involvement in related exoplanet endeavours. With
this goal in mind, the next few sections describe the main elements involved in this undertaking:
participation in TESS’s Exoplanet Follow-up Observing Program, our adaptation of the Dragonfly
Telephoto Array to the study of exoplanet transits, and our use of the Near-Earth Object Surveillance

Satellite to capture challenging transit targets.
1.9.1. TESS’s Follow-up Observing Program

Like Kepler before it, the TESS mission is producing so many exoplanet candidates that a
specifically coordinated and concerted effort is necessary to verify their legitimacy and confirm
their properties. The Exoplanet Follow-up Observing Program (ExoFOP) was created to do just
that. ExoFOP provides a repository for follow-up contributions, including those by the TESS
Follow-up Observing Program (TFOP). With so many targets to follow-up, the TFOP governing
structure sets priorities, centralizes the observation database, minimizes redundant observations,
and ensures publication credit is distributed fairly.

A subgroup within the TFOP is the TESS Single Transit Planet Candidate (TSTPC) working
group. While sharing in the activities and responsibilities of the TFOP as a whole, the TSTPC
group pays particular attention to the challenging targets that have very uncertain periods. Singly-
transiting targets provide almost no information on their orbital periods, and transits caught in widely
separated sectors may have missed intervening transit events. Such targets require significantly more
time and effort to verify than those with clear-cut periods. However, chasing down these targets is
a good way to find temperate long-period planets, which are underrepresented in most samples.

The overarching goal of both the TFOP and the TSTPC groups is to confirm or validate as
many of the TESS candidate exoplanets as possible. In this context, we use the terms validate and

confirm both to indicate the ruling-out of false positive scenarios and adequately constraining the
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planet’s physical and orbital parameters. However, between the two, a confirmation is a stronger
designation as it implies the constraint of the planet’s mass whereas a validation does not.
Members of the TFOP community submit observations of all kinds to build up the database on
individual TESS targets. They may also volunteer to lead validation and confirmation publications
on specific targets, making use of the collectively gathered data. These publications tend to
require numerous observations of many types (e.g. additional ground-based time-series photometry,
reconnaissance spectra, RVs, high-contrast imaging, etc.). The lead author spearheading the effort
is in charge of organizing the observations from other contributors, or gathering them personally.
I became a member of both groups in the process of advancing this doctoral project. In
this thesis-by-articles manuscript, the papers included in Chapters 2, 3, and 4 demonstrate our
contributions to various aspects of the TFOP and TSTPC groups. Before presenting those papers,

we would first like to introduce the two instruments that played key roles throughout the project.

1.9.2. The Dragonfly Telephoto Array

The Dragonfly Telephoto Array, hereafter simply referred to as “Dragonfly", is a small, remotely
operated telescope with a unique design. Situated at a private telescope hosting facility in New
Mexico, USA, Dragonfly is a composite refractor telescope consisting of 48 individual small
lens/camera units working in unison. It was designed to observe and answer questions around
ultra diffuse and low surface brightness targets, and it does this very well. These particular targets,
however, generally require very low background light levels and cannot be observed when the
Moon is in the sky. This offered an opportunity to expand upon Dragonfly’s scientific purview
while making use of the “bright time" to improve the instrument’s on-sky efficiency. We entered
an arrangement with creators and operators of Dragonfly to create a new observing mode and use
the telescope’s bright time to observe exoplanet transits. The goal was to produce an automated
instrument that would make follow-up transit measurements of TESS targets to contribute to the
TFOP.

The details of our adaptation process for Dragonfly are discussed thoroughly in Chapter 2,
so we will present only a higher-level overview here. There were a few key steps that needed
addressing to make the instrument a fully capable exoplanet observer. (1) Scheduling: We
developed a semi-automated process for generating transit observation timetables. This program
would query the TFOP database for suitable targets and build an observing schedule based a number
of parameters and priorities, and could include specified preselected targets. (2) Observing mode:
The observing control software itself required a new exoplanet module to execute observations in
the required manner. While Dragonfly was already fully operational for the types of observations
involved in low surface brightness studies, it was not immediately equipped for very time-sensitive
transient events like exoplanet transits. We taught Dragonfly, in its automated operations, to pay

attention to the current time and adjust its target prioritization accordingly. This ensured transit
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observations only occurred during actual transits, and that the “bright time" exoplanet program did
not interfere with the “dark time" low surface brightness program. We also built a new execution
subroutine with improved control over imaging cadence and focus inputs. (3) Data processing:
We developed custom image reduction and photometry extraction pipelines to handle Dragonfly’s
unique 48-camera design. The pipelines could be run with parallel computing to speed up the
data-heavy process. The final product of these pipelines was a normalized and calibrated light
curve of the target that could be submitted to the TFOP along with supporting data and analysis
files.

We incrementally accomplished and fine-tuned all of these steps over the course of the project.
In doing so, we successfully produced another instrument to join the exoplanet-observing roster,
and we made many contributed observations ourselves. The project fostered an in-depth and
hands-on understanding of how photometric data is taken, processed, and interpreted, and how to
overcome challenges encountered at each step. The article included in Chapter 2 is the culmination
of the exoplanet-Dragonfly project and comprised a major portion of the overall doctoral project.

Publications that have made use of our Dragonfly observations are listed in Table 1.2.

1.9.3. The Near-Earth Object Surveillance Satellite

Another instrument that has played a major role in this thesis project is the Near-Earth Object
Surveillance Satellite (NEOSSat). NEOSSat is a small Canadian satellite mission under collab-
orative operation by the Canadian Space agency (CSA) and Defence Research and Development
Canada (DRDC). As its name suggests, NEOSSat was developed to monitor solar system objects
(asteroids, comets, Earth-orbiting satellites, etc.) to improve our situational awareness of local
space.

NEOSSat was launched in February of 2013 into a sun-synchronous polar orbit with an altitude
of ~780 km (period: 100 minutes). Its onboard photometer consists of a 15 cm aperture with a clear
filter (instrument effective bandpass roughly 400-900 nm). Its detector captures a 0.86° x 0.86°
degree field of view, and with 1024 pixels on a side, produces a pixel scale of 3” per pixel.

Since launch, the little spacecraft has experienced a fairly tumultuous and heroic history. An
unfortunate hardware failure in 2016 caused a loss of attitude determination due to a malfunction and
subsequent loss of the onboard magnetometer. Aninnovative workaround was eventually developed
to use the satellite’s internal dipole field with the onboard GPS to determine the spacecraft’s coarse
pointing. Once accomplished, the still-operational star tracker system could be engaged to achieve
fine-pointing operations.

In late 2016, before the GPS solution was fully implemented, NEOSSat experienced a second
major hardware failure. An unresponsive micro-controller severed access to the three torque rods
used to desaturate the momentum in NEOSSat’s reaction wheels. A completely novel solution

was developed to use torques between Earth’s magnetic field and the satellite’s internal dipole
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field to desaturate the built up reaction wheel momentum. The process takes a large fraction
of the NEOSSat’s time, but remains at <50% which still allows for science operations. Dipole
desaturation is typically scheduled whenever no science operations are in progress (e.g. during
Earth-eclipse, South Atlantic Anomaly crossings, etc.). After all of this, NEOSSat regained a
performance essentially the same as before the hardware failures, albeit with a lower duty cycle due
to increased desaturation times.

In 2019, NEOSSat was opened to general astronomy proposals for the first time, and Canadian
astronomers were invited to apply with their own science cases. At this point we submitted a proposal
to observe a number of long-duration transits. This Cycle 1 proposal was largely exploratory as
it was not totally clear how NEOSSat would perform on this sort of task. Some rudimentary test
cases had been carried out, but we needed to create a rough idea about the photometric precision
that could be reached at a given magnitude.

From Cycle 1 to the current observing Cycle 6 (May—Nov., 2023) we have made 11 successful
proposals as well as 10 program extensions following cycle window expansions. Over the course
of our work with NEOSSat we have determined a few niche strengths of the satellite with respect
to exoplanet transit observations. (1) Very long transit durations: A subset of transits can last
for many hours. They constitute a major challenge to observe from the ground given that one
typically must observe at least twice the transit duration to provide adequate calibrating baseline
before and after the transit. For a 6+ hour transit, weather, airmass, and daylight become very
problematic. NEOSSat’s space-based vantage point circumvents all of these issues. (2) Period
aliases: When widely spaced observations miss intervening transits, the period is known only to
some integer fraction (Prre = Pobs/n). Because the TESS mission alternated between the northern
and southern hemispheres about once per year, many transits were discovered separated by ~2 years.
Being able to point at a target at essentially any time, NEOSSat could check the most likely aliases
easily. (3) Single transit candidates: When only a single transit is detected, the period is almost
totally unconstrained. Only RV campaigns can provide a decent period estimate, and even those
have wide uncertainties, especially for low-mass planets. If a low-precision period estimate is
attained, NEOSSat is well-suited to monitor wide transit prediction windows (days/weeks long).
Finding such an uncertain transit precisely determines its period and ensures future observability.

Throughout our 4 years of NEOSSat proposals, our programs have focused on a mix of these
three categories. Our observations of targets with precisely known periods (or Pops/n aliases to
check) typically span 20—40 hours each, given that we usually ask for 4x the transit duration to
account for Earth-eclipse observing gaps. Window searches for our single transit targets happen
less frequently, but have spanned anywhere from 1.5 to 20 days straight.

One observation stands out in particular for its success: a 7-day observation of the target TOI-
2010.01. Our NEOSSat follow-up played a crucial role in precisely determining the orbital period
of a very long-period single-transit exoplanet, confirming its planetary status and establishing an

interesting low-insolation atmospheric test-case. Chapter 4 describes that effort in more detail.
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Several other broad-window searches for long-period single-transit targets with uncertain periods
are in progress under our NEOSSat program, with promising prospects.

With our NEOSSat access and long-period planet program in place, we advertised ourselves
as being able to provide long-baseline observations to the TSTPC and TFOP groups. Space-
based observing opportunities are not common, and we have built a reputation as someone to
contact for support in this area. Before long, fellow members were reaching out to us to propose
collaborations. Thus far, our NEOSSat observations have contributed to 5 publications at various
levels of completion (see Table 1.2). We expect many more to arise in the near future as our general
survey of long-duration transits and period alias hunt continues, as well as our concerted efforts on

a few valuable long-period targets with uncertain timing.
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Table 1.2. Publications contributed to by our Dragonfly and NEOSSat programs for which I am
the lead or co-author.

Subject Obs. Dates Instrument Lead Author Stage Reference
TOI-2010.01 2021-12-14 NEOSSat  Christopher Mann Published [1]
Instr. overview 2018-2022 Dragonfly Christopher Mann In preparation -
Instr. overview 2020-08-16 NEOSSat . .
Christopher Mann In preparation -
+ TOI-1996  2021-01-25 NEOSSat
TOI-1683.01  2020-11-10 Dragonfly Michael Zhang Published [2]
TOI-1246.02  2021-05-27 Dragonfly = Emma Turtelboom Published [3]
TOL2180.01 20200827 Dragonfly Paul Dalba Published [4]
2020-09-01
TOI-1694.01  2021-01-01 Dragonfly Priyashkumar Mistry = Published [5]
TOI-199.01 2021-03-31 NEOSSat Melissa Hobson Published [6]
TOI-2134.02  2022-11-22 NEOSSat  Federica Rescigno Published [7]
TOI-1683.01  2020-11-10 Dragonfly Benjamin Hord Submitted —
2021-02-12 NEOSSat
TOI-1823.01 2021-03-23 - NEOSSat Hanna Kellermann  In preparation -
2021-08-25 NEOSSat
2021-12-19 Dragonfly
TOI-1199.01  2022-02-19 Dragonfly Ashley Chontos In preparation —

Note: The nature of the ExoFOP database is to slowly accumulate observations until a

publication can be assembled. More observations than these have been (and will continue to

be) submitted, expanding the future publication potential from our Dragonfly and NEOSSat

programs.

[1] Mann et al. (2023b)

[2] Zhang et al. (2023)

[3] Turtelboom et al. (2022)
[4] Dalba et al. (2022)

[5] Mistry et al. (2023)

[6] Hobson et al. (2023)

[7] Rescigno et al. (2023)
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1.9.4. Context surrounding the included articles

Paper 1: Dragonfly

The paper in Chapter 2 lays out the Exo-Dragonfly project, where we took an instrument
designed for ultra-low surface brightness observations and adapted it for the study of exoplanet
transits. Dragonfly on its own was the initial inspiration for this thesis project. It provided hands-on
experience with the details of astronomical data taking, and it afforded an excellent way to contribute
to the TESS follow-up efforts and become involved in the community and its projects. Starting in the
fall of 2018 with the onset of my Ph.D. program, work with Dragonfly began slowly as I completed
my required coursework. This involved mostly technical development, getting the scheduling,
observing, and data processing software up and running. Observations began in earnest in the fall
of 2019, continuing on to the summer of 2022. Operational stability improved and procedures were
fine-tuned across much of this time span. We made hundreds of transit observations, and submitted
to the TFOP repository when the performance was good and the addition would be valuable to
TFOP’s priorities.

The limiting factor on the productivity of the Exo-Dragonfly project was always the bottleneck
arising from the flood of incoming observations and my own limited available work-hours. While
I had plenty of mentorship and support, the workload of processing observations fell solely to
me. We had ambitions to more fully automate the data-processing, but we never quite achieved
the robustness required for intervention-free operation. As our involvement with TFOP increased,
we took advantage of opportunities that arose to expand the thesis with other projects in addition
to Dragonfly. These included assuming a project/publication leadership role within TFOP, and

undertaking an extended observing program with another instrument.

Paper 2: TOI-1221.01

The paper comprising Chapter 3 arose from one of these TFOP-related opportunities. During
the summer of 2021, I volunteered to take the lead on the publication of a target that the TFOP and
TSTPC groups had been compiling observations on. I was still somewhat new to the organization
and had thus far only been involved on the data submission side of things. I had been submitting
Dragonfly and NEOSSat observations regularly at this point, but had not yet been personally
involved in a target’s validation/confirmation. This assumption of responsibility seemed like an
excellent way to become more fully involved with the follow-up community, and to add breadth to
the thesis project.

The target was TOI-1221.01, a shallow-transit exoplanet with a few detections by TESS. It
was unlikely to be observable by Dragonfly, so none of my own data was involved. Leading the
publication effort involved far more than just writing up a paper. A good amount of organization,
observation, synthesis, and analysis work was required to get the paper in order. These were all
things I was ultimately responsible for. The completed paper was published in May 2023. The
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paper was a successful exercise in large-team organization and in understanding the standards,

requirements, and processes involved in a TESS candidate validation.

Paper 3: TOI-2010.01

Chapter 4 contains a paper stemming from my involvement with the TSTPC and a particular
success with our NEOSSat program. The target was TOI-2010.01 which had shown a single, deep,
unambiguous transit in the TESS data, but never re-transited. This was just the kind of planet that
the TSTPC was organized to follow up.

By latein 2021, a fellow TSTPC member had gathered enough RV data on the target to determine
a rough period. It was at this point that he got in touch with me to try and catch the elusive transit.
By then, my work with NEOSSat was known within the TSTPC and so we developed an observing
proposal to monitor the uncertainty region of the transit prediction.

The observation went smoothly and we detected the transit during our 7-day window. Based on
this success, I was offered the lead on the subsequent planet confirmation publication that would
be prepared. With the planet’s period in hand, we reached out to another research group who had
also been gathering RV data. We collectively decided to pool our data sets and that they would
join our publication. Like with the TOI-1221.01 paper, a number of supporting observations were
available within the TFOP repository, and their contributors and analyses were also incorporated.
The paper was published in November of 2023.
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Chapter 2

Exo-Dragonfly: Adapting the Dragonfly Telephoto
Array to the Observation of Exoplanet Transits

This manuscript is in its final phases of co-author revision before submission to the Monthly

Notices of the Royal Astronomical Society for publication.
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PiERROT LAMONTAIGNE 1’2, MAUDE LARIEVIERE "“, AND REMI SINCENNES

1 Département de Physique, Université de Montréal, Montréal, QC, Canada
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3 David A. Dunlap Department of Astronomy and Astrophysics, University of Toronto, 50 St George Street, Toronto,
ON MS5S 3H4, Canada

4 Department of Astronomy, Yale University, 260 Whitney Avenue, New Haven, CT 06511, USA

ABsTrRACT. We present the process and results of the Exo-Dragonfly project, an undertaking
to adapt and use the Dragonfly Telephoto Array to observe exoplanet transit light curves. The
Dragonfly instrument, located in New Mexico, USA, is composed of 48 commercial 143 mm
aperture telephoto lenses mounted together and simultaneously observing the same field with r and
g filters. The setup has a photon collection area roughly equivalent to a 1 m diameter lens. With
the driving goal of producing observations in support of the TESS follow-up efforts, we developed
an automatic observation scheduling process, a new observing mode for time-sensitive time series
observation, and a reduction/analysis pipeline to process data. Our results show that the Dragonfly
Telephoto Array can achieve a photometric precision floor of ~ 0.5 ppt for targets in the magnitude
range of 8.5 < my < 13 for 4-5-minute bins. We discuss the successes and challenges encountered
while using this unique multi-camera telescope as well as suggestions for improvements of this (or

other similar) instruments as they pertain to exoplanet transit observations moving forward.



Keywords : Dragonfly — Instrumentation — Exoplanet transits — TESS follow-up
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2.1. Introduction

The Dragonfly Telephoto Array (hereafter simply referred to as “Dragonfly") is a remotely
operated telescope situated in southern New Mexico. The New Mexico Skies (NMS) telescope
hosting facility, located at latitude 32°54” N and longitude 105°32" W, houses the instrument and
provides technical on-site support. Built, maintained, and operated by a team based out of the
University of Toronto and Yale University, the instrument was designed and built to address science
questions involving ultra-diffuse structures and the outer regions of galaxies. Dragonfly’s design
consists of an array of telephoto lenses connected to individual CCDs. The cameras are split between
multiple mounts and different filters are distributed in a semi-permanent configuration amongst the
cameras. This setup was designed for and can produce exquisite photometric sensitivity. More
details on the design philosophy and technical setup can be found in Abraham & van Dokkum
(2014).

Some of the diverse research that has been done with Dragonfly to date includes: Surveys
of ultra-diffuse galaxies (UDGs; Merritt et al., 2016a,b; Danieli et al., 2017; Zhang et al., 2018;
Cohen et al., 2018; Danieli et al., 2020); Kinematics and dark matter constraints of UDGs (van
Dokkum et al., 2019b; Wasserman et al., 2019; Keim et al., 2022); Stellar streams (van Dokkum
et al., 2019a; Pasha et al., 2021); Size—luminosity relation of UDGs (Danieli & van Dokkum,
2019); Inter-galactic and interstellar medium emission (Lokhorst et al., 2019; Zhang et al., 2023);
Globular clusters in UDGs (van Dokkum et al., 2017, 2016); tracing galactic outskirts (Abraham
et al., 2017; Gilhuly et al., 2022); tunable ultra narrow-band filter development (Lokhorst et al.,
2020); and spectral line mapping (Chen et al., 2022; Lokhorst et al., 2022).

Dragonfly’s ultra-diffuse low surface brightness (LSB) studies require very low sky background
levels and thus are generally only carried out during “dark time" (i.e. when the Moon is below the
horizon). This represented an opportunity to expand Dragonfly’s capabilities and scientific contri-
butions to the community. Dragonfly’s existing photometric precision made it a good candidate for
observing exoplanet transits, an endeavor that does not suffer as strongly from brighter nighttime
skies. We engaged this additional project for Dragonfly in an effort to improve its observational
duty cycle, as well as bring another exoplanet-observing instrument into service. The overall goals
of the “Exo-Dragonfly" project were motivated both by Dragonfly’s photometric sensitivity and
access to large amounts of bright time.

Dragonfly is well-suited to provide follow-up observations of transiting planet candidates dis-
covered by the Transiting Exoplanet Survey Satellite (TESS; Ricker et al., 2015). TESS’s mission
has been to discover exoplanets across the full sky that orbit bright and nearby host stars. These
TESS candidate exoplanets are not only amenable for follow-up from ground observatories but they
generally require substantial follow-up effort to validate their planetary nature. In this pursuit, we
became members of the TESS Follow-up Observing Program (TFOP), a community of observers

created to confirm, reject, and refine TESS’s discoveries in an organized and efficient manner.
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This manuscript is laid out as follows. In Section 2.2 we review the physical setup of the
instrument itself. Section 2.3 details the modifications to the observing practices and software
that were made to accommodate exoplanet transit observations. Sections 2.4 and 2.5 describe the
custom reduction and analysis pipelines, respectively, that were developed to handle the unique
properties of this multi-camera telescope. In Section 2.6 we discuss the instrument’s successes
and challenges with regard to performance and productivity. Finally, a summary and discussion of

future possibilities is provided in Section 2.7.

2.2. Instrumental Setup

2.2.1. Hardware

We present here an overview of Dragonfly’s physical makeup, but for more detailed background
on the specifics and motivations behind the instrument’s design, as well as technical specifications,
see Dragonfly’s original debut paper (Abraham & van Dokkum, 2014).

Dragonfly’s setup is modular in nature, allowing it to scale up over time. When the Exo-
Dragonfly project began, Dragonfly’s configuration consisted of 48 lens/camera units split evenly
between two mounts. The lenses are commercially available Canon 400 mm f /2.8 IS II telephoto
lenses, and make use of nano-fabricated coatings to markedly reduce internal reflections. Each lens
is attached to a Santa Barbara Imaging Group (SBIG) STF-8300M camera with a Kodak KAF-8300
CCD detector. The monolithic 3326 x 2504 pixel detectors record images with a 2.6° x 1.9° field
of view, corresponding to a plate scale of 2”8 pixel™'. Read-out time for the detectors is ~15 s for
the full frame. The focus is controlled using custom adaptors by Birger Engineering Inc. which
interface with the internal auto-focusing motors of the lenses.

The two mounts each have 24 cameras affixed to a rigid aluminum framework by a three-point
ring harness to minimize flexure. The mounts operate in sync with each other, effectively acting
as a single telescope. The mounts themselves are Paramount ME II German equatorial mounts by
Software Bisque Inc.

Each individual camera is outfitted with a custom Sloan Digital Sky Survey (SDSS) filter from
Astrodon Imaging, Inc. Half the cameras are equipped with SDSS r and the other with SDSS g
(hereafter simply referred to as r and g filters, respectively). Each 24-camera mount is evenly split

between the two filters.

2.2.2. Normal operating procedure

Dragonfly is a remote-controlled telescope. Situated at the NMS telescope hosting site, its
operations are aided by very prompt and capable technical support staff, but the night-to-night

observing is ultimately remotely overseen by one of the Dragonfly researchers.
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A typical night of observing begins before sundown with a hardware diagnostic. Using remote
desktop software, the observer runs through a set of scripted routines that prepare Dragonfly
for the night. The mounts, focusers, and cameras are tested for abnormal functionality. If any
camera/focuser issues cannot be immediately resolved by the observer or support staff, the camera
is flagged for exclusion from the night’s operations.

Once the hardware is checked and ready, we initiate the observing software, a customized
version of the commercially available AstroPlanner!. This software holds a table of user-defined
targets and keeps a record of the accumulation of observations on each. At a predefined cadence,
typically every 10min, it also makes a decision as to what task to initiate next. It takes into
consideration local weather, sky brightness, time of day, and target-related weights and priorities.
During the early evening when the sky is very bright and/or the observatory domes are closed, the
telescope remains inactive. During twilight hours, both dawn and dusk, a command initiating flat-
and dark-field imaging routines is automatically called. When sky conditions are appropriate, the
software calls an observing script to carry out an imaging routine for the chosen target. As the sky
continues to brighten in the morning hours after the calibration images have been taken, it initiates
an orderly shutdown and stowing of the instrument, ending the night’s observing.

As the night progresses, every entry in the list of targets is assigned a frequently updated
observing weight. The weight is based on many factors, but some include the current position of
the target on the sky, the current altitude of the Moon, the time of the year where the target is most
readily observable, and how much data have been accumulated on this target so far. These factors
(and more) contribute to the decision of which target has the highest priority at the moment. When
the software decides that conditions are appropriate for an observation to take place, it picks the
highest weighted target and initiates the automated observing script.

The observing script reads in the information specific to the chosen target and starts the
observation sequence. A focus run may be carried out if needed as well as a series of quality checks
on the cameras. If all is well, a sequence of exposures are taken with a predefined exposure time.

The images taken by each camera are saved to small storage allocations on their individual
local controller computers, which are termed the “Sticks". After a night’s observation, data are
cleared off the Sticks onto a larger consolidated storage space at NMS. The night’s data can then

be remotely downloaded.

2.3. Exoplanet Modifications

Before actually undertaking any transit observations, Dragonfly’s observational setup needed
some adaptation. Having been designed to build up many long exposures on stable, faint, galactic
structures over long periods of time, Dragonfly’s existing software was not immediately suited to
capturing the precisely timed transient signal of an exoplanet transit.

thttps://www.astroplanner.net/index.html
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2.3.1. Observation procedures

The first major change to implement was to ensure a transiting exoplanet target receives a high
weight only during the precalculated observation window. We modified the weighting system so
that exoplanet targets received a large weight multiplier when the Moon is up (as opposed to the tiny
multiplier the LSB targets received), and a further multiplier of zero if the current time is outside
the target’s precalculated transit observation window. We enriched the AstroPlanner target table
with supplemental transit-specific metadata so that the software could compare the transit timings
against the current time.

We also wrote an automated observing script specific to exoplanet targets. This script reads
in individualized observation instructions such as the observation time window, exposure time,
cadence, and intentional focus offset. This script will also make note of all the unique exoplanet
exposure times that have been observed during the night. The shut-down procedure at dawn was
modified to include extra dark exposures that match the unique exoplanet exposures taken during
the night.

Finally, because the exoplanet and LSB data are handled and processed by separate research
groups, we created an automatic “morning-clean-up" procedure to sort the night’s data. It combs
through the images, identifying which are exoplanet specific, and moves the appropriate files to
the appropriate storage spaces. This turned out to be an important step as the Sticks have limited
storage capacity and the exoplanet targets tend to have a higher data rate with their short exposures
than the LSB targets with their long ones. In particular, the nights around the full Moon primarily
consist of bright time and produce a large data volume. Nightly data stored on-site at NMS is
remotely downloaded to permanent storage at the Université de Montréal, and eventually deleted
from the NMS facilities.

2.3.2. Exoplanet observation strategy

For the duration of the Exo-Dragonfly project, exoplanet observations were undertaken any
time the Moon was above the horizon. This “bright time" was unused by Dragonfly’s existing LSB
programs and so was devoted to the exoplanet project. To efficiently fill up the available observing
time, we developed a semi-automatic scheduling process to observe transits during these times.

In this process, we define an observable span of the night between nautical dusk and dawn, and
respect the “bright-sky" constraint set by the Moon’s altitude. This created hard start and end points
to our observing window for which we then create a list of candidate targets that are expected to
transit at some point during this block of time. The list is drawn from a regularly updated master
table of transiting targets observable from Dragonfly’s geographic location. The table is principally
composed of TESS Targets of Interest (TOIs), as well as some community-added targets (CTOls),

other known transiting planets, and supplemented by any specific priority targets of our team.
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The nightly list of candidate observations gets filtered to remove targets requiring precision
better than Dragonfly is likely to produce (a function of both magnitude and transit depth), and then
sorted by priority. TESS TOIs have their own priority scheme determined internally by the TFOP
group. Any specific targets chosen by our group are manually assigned priorities. If the full transit
of a given target is visible during the night’s observable span, separate ingress-only, egress-only,
and full-transit observation options are all included in the candidate observation list to allow extra
flexibility. Observations that include only the ingress or egress of the transit incur a penalty to their
priorities, as full-transit observations are generally more useful and easier to detrend.

We then define the nominal start and end times for each candidate observation. For a full-transit
observation, we extend a definable minimum baseline (plus timing uncertainty with a ceiling of 30
minutes) beyond the ingress and egress times. For ingress- or egress-only observations, a minimum
observation duration around the ingress/egress time defines the observation bounds. Start times
are further pushed earlier by a defined focus time buffer. This allows time for a focus run to occur if
needed. Because Dragonfly’s focus can slowly drift over time, it automatically refocuses between
observations if the time since the last focus run exceeds a certain limit. At this point, the night’s
list of potential observations consists of many overlapping possibilities.

To build the final schedule, we slot observations into the available time window one by one,
beginning with the most prioritized observations, until the available bright time is filled. Once the
night is filled with as many observations as will fit, we expand the start and end points of each one
to fill any remaining gaps in the night’s bright time (again in order of priority). A schematic of a
night’s observing schedule is shown in Figure 2.1.

This finalized schedule for the night is added to a file containing an arbitrary number of other
nights’ schedules and sent to the control computer at the telescope site. The observing software
monitors the current time and triggers each observation in sequence as the proper time arises.

A triggered observation begins an image-taking sequence with parameters specific to each
target. Exposure time and intentional defocus are determined by the target’s magnitude, and a
cadence slower than the exposure time (plus readout) can be enforced if desired. The system also
saves the exposure time to a nightly log so that appropriate calibration dark images can be taken.

Dragonfly automatically takes flat and dark calibration images in addition to the science images
each night. The flats are twilight sky images, taken automatically around dawn and dusk at an
integration time that produces optimal exposure of the CCD. Darks with exposure times matching
the calibration flats are taken immediately after. We take additional dark images at dawn with
exposure times matching any exoplanet science images taken during the night.

2.4. Data Reduction

Most of the available reduction software we investigated that was typically used by TFOP
observers (e.g., AstroImage]; Collins et al., 2017a) was not designed to efficiently handle multiple
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Fig. 2.1. Example of an observing night plan. Thin lines represent possible transit observations
for the night. Each color is a different target/event, and overlaid thick lines represent the chosen
ones. The chosen observations show the time extensions to fill gaps between observations or to
extend to the edge of the Moon or twilight constraints. Observations that capture only ingress or
egress are given a priority penalty to promote more full-coverage observations. Prioritized targets
are lower on the y-axis (i.e., O is the most prioritized).

cameras with individual calibration and science images. We created our own pipeline to handle the
reduction of Dragonfly’s data (which could be parallelized when necessary).

In this reduction pipeline, everything occurs on a camera-by-camera basis. We first build a
master flat file. This involves creating a data cube where each slice is one of the flat images taken
during the night. Each slice is dark-subtracted using the dark file with the appropriate exposure time,
then divided by its own median pixel value. At this point any pixels that display high variance across
the data cube are flagged in a “bad pixel" map. All slices are then median-combined together, and
the resulting image is again divided by its own median, producing our master flat file. By dividing
the master flat by a low-pass filtered version of itself, we create a temporary “flattened" flat frame
from which we can flag pixels that fall above or below limiting thresholds. The high variance and
hot/cold flagged pixels together create a “bad pixel" map which is saved to file for future use.

We build a master dark file and associated bad-pixel map in essentially the same manner:
creating a data cube of images with a specific exposure time, noting hot/cold pixels and large pixel
variances, taking a median across images, and producing a bad-pixel map for those that show large

variance or anomalously high or low pixel values.
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Finally, we turn to the reduction of the science images. We begin by masking saturated pixels
in the images before any calibration is applied. To reduce the science frames we cycle through
them, subtracting the master dark (of matching exposure time), and dividing by the master flat.
We have the option at this point of binning the pixels, and the choice of saving the image data
as 16-bit integers or 64-bit floats. These measures can significantly reduce data volume. An
astrometric solution to the field is added to the fits file headers using the software package from
Astrometry.net (Lang et al., 2009).

2.5. Photometric Analysis
2.5.1. Extracting photometry

After calibration, science images are sent through our photometry extraction pipeline. Drag-
onfly’s individual cameras do not point at exactly the same portion of the sky, nor do they behave
identically when taking data. For this reason, we deal with only one camera at a time, extracting
time-series photometry independently from each.

We first determine a source list for the camera. We use the DAOStarFinder module from
Python’s photutils package for this. We then loop through each image over the duration of the
observation and remove any source that may have drifted out of the field of view due to imperfect
tracking/guiding. We also cut out any sources fainter than a predefined ratio of the target’s flux,
leaving only sources with usefully comparable brightness. A master source file (for this particular
camera) is created including the RA/Dec coordinates and relative brightness of each source.

With the source list built, we loop through each image in the observation to compute the
photometry. For each image, the source coordinates are refined to account for imperfect astrometry.
This refining can be done by a number of algorithms (e.g., center-of-mass or Gaussian fit) as
desired. Photometry is calculated for a range of aperture sizes, and a sky annulus is defined to
extend beyond them. The actual calculation is done with the aperture_photometry module of
photutils. This employs a grey-pixel scheme to handle pixels on the edge of the aperture.

Finally we save the photometry to a data file. The net result for a single camera is a file for each
exposure that contains the photometry measurements of each star in the source list at each aperture
size.

The files also contain metadata on the timing of the observation, the airmass, aperture sizes
used, measured PSF full-width-half-max (FWHM), and camera filter. These photometry files are

then used in the next phase, extracting a light curve of the target star.
2.5.2. Building a light curve

To generate a light curve we choose which filter to examine, and what kind of aperture scheme

to use. The seeing conditions and/or instrument focus may cause the FWHM of the stars to drift
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Fig. 2.2. Steps in the calibration process of the target’s light curve. Individual lines show the data
from individual cameras. Panel A: Raw flux counts from the chosen target aperture throughout
the observation. Panel B: Solid lines indicate the normalized relative flux of the target. Dashed
lines indicate the reference curve built from other stars in the field of view. Vertical offsets are
applied for visibility. Panel C: With the reference star corrections applied, the light curve has had
most of its systematic structure calibrated out. Anomalous portions of the light curve are masked
at between B and C (e.g., sudden down-turns in flux due to imaging malfunctions seen in panels A
and B). Panel D: A small airmass trend correction can be applied. Panel E: A small linear trend
correction can be applied as well.

over time in any observation, but particularly in longer ones. To compensate for this, we often
employ a variable aperture scheme. In such a case, we define the desired choice of aperture radius

(raper) as a function of FWHM. Most commonly we use,
Faper = @ * FWHM + b, (2.5.1)

where a is some scaling factor (typically 1 < a < 2) and b is some offset in pixels (typically O,
+1, or £2). The final rype; will actually be a ceiling function of the above calculation based on
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the available r,,e increments made in the original photometry calculation (usually spanning 2—12
pixels spaced by 0.5 pixels). We typically will try several different aperture functions and settle on
the one that produces the smallest RMS scatter in the final light curve. Various constant aperture
options are also possible, but tracking the FWHM of the star often produces better photometric
precision. Whatever aperture size scheme is used, aperture sizes are fixed across the image for a
given time step for a given camera. This avoids introducing any changes in the relative photometry
between stars in the image.

With an aperture function chosen, we have a raw flux light curve for every camera (Figure 2.2A).
The next step is to choose the reference stars that will be used to build a reference light curve with
which individual light curves can be normalized. We read in all the time-series photometry
information (according to the chosen rpe; function) and normalize the flux of every star by dividing
by its own median across time. The median for the target star is taken from points outside the
expected transit region. We then cycle through each non-target reference star and divide its light
curve by the median light curve across every other reference star. This removes instrument and
environmental systematics common to all stars in the frame. Of this new collection of normalized
and detrended reference stars we select the Ner stars that show the lowest scatter in their normalized
light curves. This procedure is then repeated in a second iteration, using only those N “good"
reference stars to calculate the median light curve with which the light curves of all sources are
normalized. This avoids including the worst sources (i.e. poorest precision or stability) as reference
stars.

The above process identifies the “best" reference stars in the field, in the sense that they have
the lowest scatter. These N stars are used to create a reference light curve with which to detrend
the target. This is done by sigma-clipping the individual normalized light curves and taking their
median across the stars. The reference curves (dashed lines) are displayed next to the target light
curve (solid lines) in Figure 2.2B for comparison. The reference curve is divided by its own median,
then the target’s normalized light curve is divided by this reference, producing a calibrated light
curve (Figure 2.2C).

The final detrending that we undertake is with airmass. Typically the airmass effect is very small
because the cameras see very similar airmass across the 2.6° x 1.9° field of view and the process
discussed above removes trends common to all stars. However, airmass effects are somewhat SED
dependent, and thus some residual trends could remain if the reference stars differ in colour from
the target (or among themselves). For every star in the source list, we calibrate its light curve with
the reference curve. A polynomial is fit to (X,Y) where X = airmass and Y = log(flux). The
median across stars of the fitted polynomials is taken to produce a general airmass trend. The target
light curve is detrended by dividing by the exponential of the median polynomial, using the target’s

airmass at each point. An example of the size of the airmass correction is shown in Figure 2.2D.
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Sometimes a linear trend persists in a star’s light curve in a given camera. To account for this,
a straight line can be fit (using out-of-transit points) and removed from the light curve to remove
any residual slope. An example of the scale of the linear correction is shown in Figure 2.2E.

Not every camera behaves ideally every night of operation. Focus problems or other hardware
issues sometimes cause a camera to produce poor-quality images. Of the 48 cameras, it’s not
uncommon for a few to behave badly each night. Some of these are caught during the telescope’s
nightly setup and the offending camera excluded from taking data for the night, while others slip
through and take exposures of varying quality. During the analysis phase, we make a visual check
of the light curves from each camera and assess whether they were working properly. Cameras
with very few data points (perhaps focus, saturation, or hardware issues) or cameras with highly
deviant light curve shapes may be flagged and excluded from further analysis. In Figure 2.2, we
see 5 cameras showing sharp drops in the target’s flux. This appeared to be a hardware malfunction
affecting the recorded CCD exposure that kicked in at different points for each camera. Instead of
throwing out the entire light curves from these cameras, we simply mask the anomalous region (in
a step between panels B and C).

Having constructed a normalized and detrended light curve for each individual camera, we
combine them into a single light curve for each filter to improve the scatter (nominally by factor
VNecams). We bin the data by any number of exposures (typically aiming for 4-5min bins in
accordance with TFOP guidelines), and combine the relative flux data within the bin by weighted

mean, clipped mean, or median, as desired.

2.6. Performance
2.6.1. Example results

To showcase the details of an exoplanet observation, we present a closer inspection of two
examples that demonstrate many of the strengths of the instrument and the challenges that are

encountered.

TOI-1683.01:

We observed the target TOI-1683.01 on 2020-11-10, aiming to capture a predicted transit
occurring that night. The host star is an my = 11.0 target and was observed with a 60-second
exposure time (with a 15-second read-time producing a cadence of 75 seconds). The observation
spanned a total of 2.9 hours: 53 min pre-ingress, 82 min in transit, and 38 min post-egress.

The observation had a total of 18 r-cameras and 16 g-cameras operating with acceptable
performance out of an available 24 cameras per filter. As can be seen in Figure 2.3, the overall
photometric precision improves with more cameras added to the analysis (cc \/M), as well as
when creating time-bins across several exposures (oc \/UTexp). We achieved a final precision of

0.7 ppt with 5 min bins (1.4 ppt unbinned) in r, and 0.8 ppt binned (1.6 ppt unbinned) in g.
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Fig. 2.3. Improvement of photometric precision as a function of the number of cameras used in
the analysis. These data are from TOI-1683.01 (shown in Figure 2.4). The dashed black lines are

oc 4/1/N and differ by a factor of 2 between one another, in accordance with the 4-fold binning of
exposures. The stochastic nature of individual cameras plays a heavier role in the left-hand edge of
the plot but quickly begins to average out with more cameras.

The observation’s full camera-combined light curve is shown in panel A of Figure 2.4. Panels
B-E of the figure show representative plots of how a single camera recorded various observing
parameters. Panel B records the FWHM of the target throughout the observation and the accom-
panying choice of aperture radius. Notice the aperture size function tracks the FWHM, with a
discretization of 0.5 pixels. Panel C tracks the sky background levels. In this case, things were
stable until the end of the observation where dawn caused a large increase. Panel D reports the raw
flux counts in the target aperture. In the current example, the slow drop in flux roughly matches
the worsening airmass (also plotted on an overlaid axis). Panel E displays the target’s centroid x,y
pixel position on the detector. The drift seen here shows the imperfect tracking of the instrument.

In fitting a transit model using the Juliet python package with its built-in nested sampling
fitting routine, we determine the depth of the event to be § = 1.31*97% ppt with a timing of an
uncertainty of Jj31 min. As the prior timing uncertainty on this transit was 55 min, our detection
produced a substantial improvement to the target’s ephemeris. With a ~1 ppt transit event, this
observation was among the shallowest transits we are able to confidently measure (~40-).

In this particular case, our instrument systematics were minimal, the focusers were stable, and

sky brightness conditions were steady (excepting the sharp rise near dawn). We experienced none
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Fig. 2.4. Example observation of TOI-1683.01, a relatively problem-free transit detection. Here
we see how stable conditions can lead to excellent precision (~0.7 ppt) in ~5 minute bins Panel A:
The light curve from the r-filter cameras and overlaid transit model. The black horizontal error bar
indicates the prior uncertainty of the predicted transit midpoint (improved from 55 min to ~3 min).
Panel A shows a combination of all cameras, whereas panels B-E show parameter histories from a
single example camera. Panel B: Small changes in the target’s FWHM over time were tracked by
our aperture size choice. Panel C: The sky background level was stable until dawn. Panel D: Raw
flux counts did not show dramatic variability but tracked with slowly worsening airmass throughout
the observation. Panel E: The x,y pixel position drifts steadily due to imperfect telescope tracking.

of the time-dependent or inter-camera variances that can often lead to poor performance. As such,

we achieved a 5-minute binned precision of ~0.7 ppt.
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TOI-1302.01:

As a second example, we showcase an observation that encountered more challenges. On
2021-05-23 we undertook an observation of TOI-1302.01, a large planet around an my = 10.9
host star. Using an exposure time of 22 s (we had adjusted our magnitude—exposure time function
since the previous example observation) we ended up with a 36-second imaging cadence. The
observation spanned 5.5 hours: 15 min pre-ingress, 221 min in transit, and 94 min post-egress. We
had 21 r-cameras and 15 g-cameras in operation.

Figure 2.5 shows a summary of the TOI-1302.01 observation. The large scatter in the light
curve data (panel A) makes it immediately obvious that some issues were encountered during this
observation. Firstly, the focus was drifting for the first portion of the window. Panel B shows
the general upward trend in the target’'s FWHM before being reset back to ~4 pixels. For this
observation, we were employing regularly spaced focus breaks to mitigate focus drift, as can be
seen in the short data gaps. Fortunately, the drift was small and slow enough that our refocusing
breaks could compensate and there was not a sizeable effect on the measured photometry.

The second and more impactful issue was the strongly variable sky brightness throughout the
latter half of the observation window (panel C). This was presumably due to intermittent cloud
cover. The worst segments of the light curve correspond with the spikes in sky brightness and
loss of total flux counts (panel D). However, outside these segments, the precision was sufficient to
clearly trace out the transit shape.

As such, we are still able to fit a transit model and constrain certain parameters. We measured
the transit depth to be 9.92f%'_fé ppt and timing precision of fll 12 min. Our final 4.8—minute binned
precision for the portion of the light curve before the sky variability kicked in came out to ~1.5 ppt.

The clear weather at the beginning of the observation allowed for good depth and timing
determination before the variable weather started. However, the precision reached before the poor
weather began was still about a factor of two worse than the previously discussed TOI-1683.01
example. Choice of exposure time likely played a small role here. With a ~15 second read-out
time, TOI-1302’s 22-second exposures lead to a 60% on-sky integration duty cycle, compared to
TOI-1683’s 80%. This may have also affected the SNR of available reference stars, compounding
the issue in terms of light curve normalization. Some focus drift correction effects or smaller-scale

seeing conditions may also have contributed to the poorer precision.

2.6.2. Ensemble results

The Exo-Dragonfly project has been an exercise in incremental improvement: from the data-
taking procedures of the instrument itself to the analysis pipeline. Under ideal circumstances (i.e.,
the hardware, software, and weather are all cooperative) we can achieve better than 1 ppt precision
in a single-visit observation with 4-5 minute bins. We have demonstrated this precision for target

magnitudes in the range of 8.5 < my < 13, however, the reliability of such precision decreases for
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Fig. 2.5. An example observation of TOI-1302.01 shows how fluctuations in various data or
observing parameters can dramatically affect performance throughout an observation. Panel A:
The light curve from the r-filter cameras and overlaid transit model. The black horizontal error bar
indicates the uncertainty on the predicted transit time. Short observing gaps indicate re-focusing
breaks. Panel A shows a combination of all cameras, whereas Panels B—E show parameter histories
from a single example camera. Panel B: Small changes in the target’s FWHM over time were tracked
by our aperture size choice. Panel C: The sky background began the night in a stable fashion but
experienced dramatic shifts later on. Panel D: Raw flux counts showed strong variability, inversely
proportionate to the sky brightness. Panel E: The x,y pixel position drifts due to imperfect telescope
tracking.

the fainter targets. Figure 2.6 shows the achieved precision for an ensemble of 112 observations
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acquired over the course of 3 years. It shows that ~0.5 ppt acts as the rough sensitivity floor of the
instrument when we control for number of cameras and on-target integration time.

We make these after-the-fact corrections to the precision values plotted in Figure 2.6 to mitigate
certain differing parameters between observations. A given observing night typically has several
offline cameras and the number of these cameras can range from a small handful to an entire
mount, depending on the technical issues at play. Thus, plotting the performance of a 15-camera
observation beside a 22-camera observation is not a fair comparison. As Gaussian photometric
precision improves with the square root of the cameras included (e.g., Figure 2.3) we employ a
scaling of all the points in Figure 2.6 to mimic a standard 20-camera observation.

In a similar vein, differing exposure times for targets with similar magnitudes introduce another
bias. Exposure times sometimes differ due to our adjusting the magnitude—exposure time function
applied to the automated observation scheduling over the course of more than three years of
operating. With a fixed readout time, shorter exposures experience poorer photon-collecting
efficiency. We try to correct this by scaling the measured precision to a benchmark integration time
(using ophot o /1/finegration). We split the observations in Figure 2.6 into magnitude bins and find
the mean integration time for observations in that bin. This integration is the number of seconds
spent collecting photons within the 4-5-minute temporal bin we typically report. All observations

in the magnitude bin have their precision values scaled as if they shared this mean integration time.
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Fig. 2.6. Photometric precision reached by Dragonfly during single-visit observations using the
r filter. Reported precision is for 4-5 minute bins and includes a normalization process to more
fairly compare observations of stars with similar magnitude but that used different integration
times. It also applies a compensation for variable numbers of active cameras between observations,
normalizing everything to a standard of 20 cameras.
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We find that Exo-Dragonfly operates best within certain target magnitude bounds. Targets with
my 2 13 require very long exposure times (>4 min) to build reasonable flux counts. With these
faint targets, it becomes impossible to bin points and achieve temporal precision better than ~8 min.
This sets Dragonfly’s approximate functional magnitude limit for time-series observations of faint
target transits.

We also encounter a limitation on bright targets. We rely on reference stars of comparable
magnitude in the field of view to detrend our light curves. Naturally, the number of quality
reference stars in a given sized patch of the sky drops rapidly for brighter targets. Using fewer
and/or fainter reference stars can contribute to poorer photometric precision. To allow for longer
exposures, we have experimented with applying an intentional focus offset to spread the flux over
more pixels. This led to mixed success. Indeed longer exposures could allow for more flux
accumulation on the target and reference stars, but the focus offset magnified existing focus-control
issues leading to unreliable performance.

Most results displayed in this study are for the r-filter as it generally produced better performance.
On average, the g filter had poorer precision by about 1 ppt, though this difference was magnitude-
specific. Targets with my < 11 showed no systematic improvement from one filter to the other
but targets with my > 11 tended to show a comparative detriment in the g-filter of 1-2 ppt, and
frequently much worse for the faintest stars (my = 12).

2.6.3. Challenges encountered

We have seen that Dragonfly is capable of achieving very high (>0.5 ppt) photometric precision
in optimal cases. However, the spread in actually achieved precision for a given observation begs
the question of what exactly these optimal conditions are, and what deviations are hurting the
performance.

We looked into a number of potential observation metrics that might correlate with poorer
precision. Some factors are straightforward to assess and account for. Others pose a challenge
because the two 24-camera mounts and all 48 individual cameras do not behave identically to one
another and their respective differences are not necessarily consistent night-to-night, or even within
a single observation.

As discussed above, the number of cameras used in an observation has an obvious impact on
achieved precision. This is well-understood and can be statistically accounted for. However, given
the inter-camera variability, the applied correction will not be perfect, retaining some spread in the
distribution of achieved precision.

Beyond camera counts and integration efficiencies, which can be accounted for, the factor we
determined to have the strongest effect on photometric precision (besides magnitude) was related to
the sky background. When the sky was generally brighter (diffuse clouds, proximity and phase of

Moon, etc.), more time-variable (passing clouds), and/or more different between cameras (hardware
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sensitivity, image artifacts), the precision worsened. We additionally noted that higher variability
in the target’'s FWHM (focus control), the total raw flux counts (changing sky conditions), and/or
the x,y pixel position (imperfect tracking) showed small correlations with achieved precision. A
higher airmass was also found to play a minor role.

A few other factors sometimes cause outliers in the typical performance. Imperfect focus
control frequently produced FWHM variability over the course of an observation. While we can
take steps to accommodate the changes in flux distribution with aperture changes, some specific
cases pose more serious issues. The focus may unexpectedly sharpen to the point where peak pixel
values become very high. This may lead to saturation and loss of data points or more subtly, a
departure into the non-linear regime of the detector. As a result, the number and quality of data
points at certain points in the light curve can show deviations from expectation. On the other side
of focus variability, excursions towards larger FWHM can produce an effect stronger than simply
the diffusion of flux. Large aperture sizes while tracking a changing FWHM may incorporate
additional flux from a close neighbor star. We have encountered cases where one portion of the
light curve shows excellent precision with a low FWHM, but then deteriorates dramatically once
the FWHM expands to start blending with a neighbor.

Sometimes there is no obvious cause for a disturbance during nightly operations. One such issue
we periodically encountered was spurious image artifacts in the science data. Strong background
gradients that overwhelm the stellar signals would sometimes appear on the images from one or a
few cameras. These images typically had to be culled from the light curve or sometimes the entire
camera was excluded from the analysis. The cause of these issues was not apparent.

While partial transits (i.e., ingress or egress only) can in theory provide much of the constraining
power desired in a follow-up observation, we found them far more challenging to analyze than full
transits. Because the SNR of individual cameras is so much lower than the combined light curve,
the transit is usually lost in a single camera’s noise. Also, systematics present in individual cameras
can be non-negligible, only averaging out across many cameras. We found that having an anchoring
baseline on either side of the transit to use in normalizing/detrending achieved far more success
than when a baseline on only one side is available. Partial transits, with their shorter duration, can
be useful in filling gaps in a night’s observing schedule, but we focused on prioritizing full-transit
observations.

2.6.4. Suitability for transit follow-up

Dragonfly has shown itself to be a useful transit observer, capable of making many of the
required measurements for TESS candidate follow-up. A common false positive scenario in TESS
data is due to the instrument’s low spatial resolution. Large pixels allow for nearby eclipsing binary
(NEB) systems to blend with the target and mimic a planetary-scale transit event through diluted

flux. One of the most basic and useful ground-based follow-up contributions to the TESS mission
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is spatially resolving the source of the transit signal. It is standard procedure within TFOP to check
stars within a 2’5 radius of the target for NEB signals during the expected time of transit. Detecting
the transit on-target, detecting an NEB, or making significant non-detections on neighboring objects
all help to properly classify a TESS candidate planet. With its 278 pixel ! plate scale and 510"
stellar FWHM, Dragonfly is very capable of providing this service.

Another frequent follow-up requirement for a TESS candidate is to monitor transit timings.
Sometimes this is due to an imprecise ephemeris and the orbital period simply needs refining
(e.g., see the prior timing uncertainty in panel A of Figure 2.4). Other times, intrinsic transit
timing variations (TTVs) are detected (or suspected) and can be tracked over time, revealing the
gravitational effects of other objects in the system. Dragonfly can achieve a fitted timing precision
on the order of ~2 min when the transit is detected with reasonable SNR.

Refining the orbital ephemeris has broader implications than simply tightening the error bars
on a cataloged value. Predictions on future transit timings have an uncertainty that scales with
O PRepoch, Where nepoch is how many transits have occurred since the period uncertainty (op) was
last measured. Unless a target has its transits continually observed, the ability to predict future
transits depreciates over time. Attaining a high-precision ephemeris ensures it will take a long time
before the timing prediction deteriorates to problematic levels. Otherwise, the ephemeris precision
can drift and a target can rapidly become “unschedulable" for future transits.

Another diagnostic commonly requested for false-positive rejection is a chromatic measure of
transit depth. If the transit event is caused by eclipsing binary stars instead of a planet, then differing
surface temperatures of the two stars (and non-negligible flux from the secondary) cause changes in
transit depth across different filters. A planetary transit, which is effectively a black shadow across
the stellar surface, will be achromatic (discounting the very small atmospheric effects searched
for in transmission spectroscopy efforts). Dragonfly’s two filters are too close together to provide
much in the way of chromatic distinction, as typically one would use widely separated filters.
However, the fact that Dragonfly is not a filterless white-light instrument means it could be used as
a comparison point against another instrument (e.g., the Dragonfly r filter and another instrument’s
much bluer filter).

2.6.5. Contributing to TESS’s Exoplanet Follow-up Observing Program

When our observations achieved suitable precision for a given target observation (i.e., a transit
detection or significant non-detection) and cover an adequate time window, we submitted our
findings to the TFOP repository. Our submissions have led to many ephemeris and exoplanet
parameter refinements, as well as a number of false positive determinations. The submissions

are listed in Table 2.1 and the data become public? after a 1-year probationary period. This

2https://exofop.ipac.caltech.edu/tess/
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period allows time to accumulate observations on various targets before TFOP authors begin their
publications.

The automated nature of our data acquisition has also accumulated a sizeable backlog of
unprocessed observations that can greatly expand upon the existing submissions. They will be
submitted as they are processed. There are roughly a half-dozen targets that are nearly ready
for submission, and likely many dozens more that have yet to be reduced and investigated. The
available work-hours dedicated to the observation processing within the very small Exo-Dragonfly
team is the main bottleneck to submission productivity. This is something that could be improved

upon in the future.

Table 2.1. TFOP Submissions

Target

Obs. Date

Submitted

TOI-573.01
TOI-943.01
TOI-1199.01
TOI-1246.02
TOI-1248.01
TOI-1302.01
TOI-1683.01
TOI-1694.01
TOI-1765.01
TOI-1823.01
TOI-1870.01
TOI-2180.01
TOI-2180.01
TOI-2288.01
TOI-2494.01
TOI-3808.01
TOI-3814.01
TOI-3856.01
TOI-4087.01
TOI-4436.01

2019-12-19
2019-10-21
2022-02-19
2021-05-28
2021-01-04
2021-05-24
2020-11-11
2021-01-02
2020-06-29
2021-12-20
2021-05-25
2020-08-28
2020-09-02
2021-05-21
2022-03-16
2022-04-05
2022-03-12
2022-02-16
2022-04-07
2022-03-16

2020-04-24
2020-04-24
2022-07-11
2021-10-28
2022-08-01
2021-08-24
2021-06-07
2021-07-23
2021-10-28
2022-07-29
2021-07-23
2020-11-23
2020-11-20
2021-10-08
2022-08-05
2022-08-16
2022-07-15
2022-07-18
2022-08-05
2022-08-01

Note: Dates are UTC.
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2.7. Summary & Discussion

Dragonfly began as an ambitious project to better understand galactic structure, with no intention
to pursue exoplanet science in its original mission statement. However, through this collaboration,
we have been able to repurpose Dragonfly’s largely unused bright time to the fruitful study of
exoplanets. We have developed the infrastructure to enable Dragonfly’s use for future time-series
photometric studies, be it for exoplanet science or other subjects. The precision we achieve
in Dragonfly’s effective magnitude sensitivity range makes it competitive with other prominent,
small, ground-based observatories (e.g., LCOGT (Brown et al., 2013), WASP (Pollacco et al.,
2006), KELT (Pepper et al., 2007, 2012)). We have shown that an array of small, inexpensive,
off-the-shelf cameras is a viable alternative to larger dish (1-2m) telescopes for these types of

transit observations.

2.7.1. Future improvements

While the Exo-Dragonfly project has seen a lot of success thus far, it is still an in-progress
project and has room for improvement. There are a few areas that could benefit from additional
development.

Certain technical hardware improvements would aid in the reliability of the instrument. Focus
drift is generally present to varying degrees and existing focus routines can be slow and disruptive.
Perhaps live-tracking with temperature or closed-loop monitoring could provide more on-the-fly
focus control.

More thorough reporting of a number of internal and external observation parameters could
also help with understanding and correcting departures from peak performance. By collecting
more exposure-by-exposure details on things like weather, seeing conditions, and focus levels, we
could more clearly identify and potentially detrend against their effects on the photometry.

During analysis, the process of selecting and utilizing reference stars could likely be refined.
Currently, targets of all brightness receive the same treatment for choosing reference stars (i.e., the
selection of the Ny.r sources with the lowest photometric scatter and variability in the time series,
where N is somewhat arbitrarily chosen and common to most observations). In reality, brighter
targets will have fewer comparably bright sources in the field of view. Including too many faint
reference stars may actually be detrimental to the calibration of these light curves. The full impact
of the N choice (or alternatively, some quality threshold cutoff) should be investigated more
thoroughly in the future.

The efficiency and scientific output of the Exo-Dragonfly program could be markedly increased
with improvements to photometry and analysis automation. At present, each observation requires a
certain level of hands-on processing, usually involving the troubleshooting of anomalous data and
fine-tuning of a few parameters. This is generally acceptable for individual targeted observations,

but impractical for larger surveys. The level of robustness in the photometry and analysis pipeline
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is not yet at the level where a night’s observations could be ready for presentation at the push of a

button. Once this is remedied, the instrument would become vastly more productive.

2.7.2. Operational considerations

Through extensive trial and error working with and fine-tuning Exo-Dragonfly, we have dis-
covered a few factors/practices that may be worth noting for other researchers with plans for small
composite-camera telescopes.

The modular nature of the instrument (many cameras act mostly independently) certainly
creates its own share of operational and data processing headaches, but it also provides a degree of
redundancy. Issues with specific cameras do not cripple the entire telescope. Repairs and hardware
swaps can be carried out with minimal interruption of operations. Indeed, relatively inexpensive
individual replacement parts can be set aside for immediate swap-in when a component fails. The
instrument design also allows for modular upgrades. New mounts with new cameras can be installed
to increase the total collecting power or introduce additional filters.

A drawback of the modular structure becomes quickly apparent when considering the data
output volume. Data production rate and the size of required storage quickly become formidable
as the scale of the instrument increases. With an equivalent collection area to a ~1 m telescope,
Dragonfly produces 48 images per exposure compared to a single image from a more standard
design. This might be mitigated by on-site image stacking, though the system would have to be able
to robustly align images and reject poor-quality data. This is not a feature we have implemented at

present.
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2.8. Specific Contributions

The Exo-Dragonfly project was intended from the start to comprise the backbone of my eventual
Ph.D. thesis. As such, it was almost entirely carried out by me, though with plenty of guidance
and mentorship by my thesis advisor, David Lafreniere. I conducted all of the communication
and coordination with the original Dragonfly team, barring initial introductions. This involved
planning the instrument alterations, learning the back-end of Dragonfly’s operation, writing and
testing new code functionalities, and ensuring that the new exoplanet operations would not interfere
with existing processes and work being done. The Dragonfly team provided ample instruction and
trouble-shooting assistance, but actually making changes was my own responsibility.

I developed the semi-automated observation scheduler with some algorithmic help from David.
Its interface with the TFOP target list and with the Dragonfly system were my own work. I built
the reduction pipeline around a core procedure written by Etienne Artigau, who made the first
exploratory test observations with Dragonfly before I even began my Ph.D. program. Etienne’s
contribution laid out the basic reduction groundwork (i.e., master dark and flat creation, and science
image calibration). The rest of my pipeline involved detailed file handling, correcting anomalous
file header info, and adding a World Coordinate System to the images. As always, David provided
helpful oversight.

I also wrote the large majority of the photometry and analysis pipeline. Again, David provided
helpful insight on the procedures, but it was implemented by me. This pipeline extracts photometry
from the stars in the field with multiple aperture sizes, manage an ID system for stars across the
time-series, and produces light curves for the target star and many others in the field, all on a
camera-by-camera basis. The analysis code creates reference light curves from appropriate field
stars and uses them to correct systematics in the target and other reference stars. It also carries
out airmass detrending, reports on many observing parameters (e.g., airmass, FWHM, target pixel,
position, etc.) and combines the individual cameras’ light curves into a single output light curve.
I also wrote code that can fit transit models to the data if required, using established MCMC and
nested sampling packages. The final stages of the pipeline generate data files and summary figures
required for TFOP submissions.

Beyond the software development, I also handled nearly all of the day-to-day work involved
in running the exoplanet-related telescope operations. I would act as the “on-duty observer" for
Dragonfly for the one week of the month around the full Moon. The remaining weeks were handled
by a rotating roster of other Dragonfly team members. The observer was responsible for nightly
setup of the instrument, involving system checks and communication with the on-site support staff
when issues arose. I would also maintain a log of exoplanet-related observations and manage the
exoplanet data storage and transfer. The data management turned out to be a nontrivial task as the

initial site storage and transfer infrastructure were insufficient for our high data volume. A process
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that began with frequent back-and-forth mailing of hard drives was eventually updated to digital
transfer once the on-site internet bandwidth was upgraded.

Once the infrastructure and operational procedures were largely in place, the major ongoing
task was to carry out the case-by-case analysis as observations came in. While the data-taking
and reductions were largely automated, the steps involved in photometry extraction and light curve
analysis often required manual intervention. As such, with the flood of incoming observations,
this is where the main bottleneck occurred. Amongst numerous other priorities, I would process
observations when I had available time. Occasionally, we would take on undergraduate student
interns to help out with the project and give them hands-on research experience. I acted as a general
mentor to the students and taught them about telescopes, photometry, exoplanets, and the like. In
their short times with our team, they were able to provide assistance in the data processing or other
system upgrades, though this was often somewhat offset by the learning curve involved in bringing
them up to speed. I believe we provided some valuable experience in exchange for their time and
assistance.

Towards the end of my doctoral program, I finalized plans for the overview paper presented
in this chapter. I carried out a meta-analysis of our operations to build a sense of the overall
performance of the instrument, and was aided by one of our undergraduate students who helped
get this started by compiling performance results. With specific examples, as well as some general
metrics, of Dragonfly’s performance, I wrote the entirety of the paper included here. It is our intent

to submit it for publication shortly after completion of this thesis.
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Chapter 3

Validation of TOI-1221 b: A Warm Sub-Neptune
Exhibiting Transit Timing Variations around a
Sun-like Star

This manuscript was published in the refereed journal The Astronomical Journal on April 28, 2023
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ABsTrACT. We present a validation of a long-period (91.6827égf(())'%(())(éiz1 days) transiting sub-

Neptune planet, TOI-1221 b (TIC 349095149.01), around a Sun-like (my = 10.5) star. This is one
of the few known exoplanets with a period >50 days, and belongs to the even smaller subset of which
have bright enough hosts for detailed spectroscopic follow-up. We combine Transiting Exoplanet
Survey Satellite light curves and ground-based time-series photometry from the Perth Exoplanet
Survey Telescope (0.3 m) and Las Cumbres Observatory global telescope network (1.0 m) to analyze
the transit signals and rule out nearby stars as potential false-positive sources. High-contrast
imaging from the Southern Astrophysical Research Telescope and Gemini/Zorro rule out nearby
stellar contaminants. Reconnaissance spectroscopy from CHIRON sets a planetary scale upper

mass limit on the transiting object (1.1 and 3.5 Mjyp at 1o~ and 30, respectively) and shows no sign

+0.13
-0.12

Se, we calculate a moderate

of a spectroscopic binary companion. We determine a planetary radius of R = 2.91 Rg, placing

+0.85
-0.77

equilibrium temperature of 7.4 = 440K, assuming no albedo and perfect heat redistribution. We
find a false- positive probability from the TRICERATOPS tool of FPP = 0.0014 + 0.0003 as well
as other qualitative and quantitative evidence to support the statistical validation of TOI-1221b.

it in the sub-Neptune regime. With a stellar insolation of S = 6.06

We find significant evidence (>50) of oscillatory transit timing variations, likely indicative of an
additional nontransiting planet.

Unified Astronomy Thesaurus concepts: Exoplanet astronomy (486); Exoplanet systems (484);
Exoplanet dynamics (490)
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3.1. Introduction

In July of 2018, the Transiting Exoplanet Survey Satellite (TESS) mission (Ricker et al., 2015)
began its task of observing nearly the entire sky for exoplanets transiting around bright and nearby
stars. Although the Kepler mission (Koch et al., 2010) revolutionized exoplanet science with its
explosion of discoveries, most of the Kepler targets are quite faint. The brightness of TESS host
stars allows for much more detailed follow up in terms of mass measurement and atmospheric
characterization. At the time of writing, the mission has produced 6133 TESS Objects of Interest
(TOls), of which 1646 have been identified as false positives and only 282 confirmed as bona fide
exoplanets (Guerrero, 2020). The follow-up work required to verify and confirm the still-growing
list of TESS candidates is substantial, challenging, and yet absolutely essential to the overall success
of the mission.

Not all exoplanet systems are equal in their ease of detection and characterization. Those with
deeper transits (i.e. large planets and/or small host stars) produce strong signals in their light curves
and shorter-period planets have both higher transit probabilities and more frequent transit events
that require less baseline time coverage to observe. In direct contrast, long-period planets are both
harder to initially detect, and allow for only infrequent follow-up opportunities. The vast majority
of known exoplanets for which we have both reliable mass and radius measurements have periods
< 50 days (NASA Exoplanet Archive, 2022).

Despite the poorer statistics on smaller, cooler exoplanets there has arisen a clear bimodal
distribution of radii split on either side of ~2 Earth radii that also has a dependence on the planet’s
insolation flux (Fulton et al., 2017). There are competing ideas as to why the super-Earth/sub-
Neptune valley occurs (e.g. photo-evaporation: Owen & Wu (2017); Jin & Mordasini (2018);
Rogers & Owen (2021); cooling-luminosity driven loss: Gupta & Schlichting (2019); and gas-
poor formation: Lee & Chiang (2016); Lopez & Rice (2018)). There is still a major question of
whether cool sub-Neptunes larger than 2 Rg are mostly rocky or have sizeable H/He atmospheres.
Stellar insolation’s effect on atmospheric inflation may play a prominent role in distinguishing these
options. Vetting long-period exoplanet candidates provides new temperate exoplanet targets across
a range of stellar insolation to help disentangle this confounding factor.

In this paper we present the validation of TOI-1221 b (TIC 349095149.01), a sub-Neptune sized
exoplanet located in the southern sky (RA: 07"11™415.05, Dec: —65°30'31788) around a Sun-like
my=10.5 star. Having a wide 91.7 day orbit, this target is at the far edge of the known transiting
long-period planet parameter space and its atmospheric properties are less likely to be strongly
driven by stellar insolation than its numerous hot counterparts.

The shallow transit signal in this system was initially noticed in the TESS Sector 7 data by the
Visual Survey Group (VSG; Kristiansen et al., 2022) shortly after release. Immediately checking
back through previous sectors, a likely second transit was discovered in Sector 3, providing a

tentative 91-day period. The candidate was also independently detected by the TESS Science
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Fig. 3.1. First row: Sector-by-sector PDCSAP flux, normalized to within-sector median. Purple
bars indicate where transits were detected, orange bars indicate where expected transits fell in
observing gaps. Rows 2 & 3: Zoomed plot of each of the six caught transits. The TESS data
were taken at a cadence of 2 minutes and are shown binned to 60-minute intervals with the cyan
points. The displayed transit model is described in Sections 3.3 and 3.4. Orange vertical lines
show the predicted midpoints given a fixed period ephemeris. Dashed black lines indicate the fitted
midpoints, showing TTVs described in Section 3.3.4.

Processing Operations Center (SPOC; Jenkins et al., 2016) at NASA Ames Research Center when
conducting a multi-sector analysis of Sectors 1-9. The periodicity was confirmed shortly thereafter
with a third transit detection in Sector 10 by the VSG. A later multi-sector SPOC analysis of Sectors
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1-13 discovered a fourth transit and promoted the candidate to TOI status following a positive data
validation report.

Since its discovery, the TESS Follow-up Observing Program (TFOP) community has made
steady efforts to contribute key observations to confirm the planet’s candidacy and rule out false
positive scenarios. This manuscript aims to bring together and summarize the various contributed
observations in order to validate this planet’s legitimacy. In Section 3.2 we provide an overview of
the observations and data that contributed to the effort. Section 3.3 details the target’s discovery, an
assessment of false positive scenarios, and stellar characterization. It also describes the discovery of
transit timing variations (TTVs) and the fitting procedures used to measure the system’s parameters.
Further discussion of the discovered planet properties and the implications of the TTVs occurs in

Section 3.4. Finally, in Section 3.5 we summarize the results of the entire planet validation process.

3.2. Observations

In the effort to validate the target TOI-1221.01, data and observations were gathered from
several teams and facilities and are summarized here.

3.2.1. TESS light curves

Due to its proximity to the southern ecliptic pole, TOI-1221 was observed by TESS over many
sectors and with a very long baseline (more than 650 days of on-target coverage over 1065 days, at
the time of writing). It appeared in 25 Sectors (1-13, 27-35, and 37-39). To date, six of those Sectors
(3,7, 10, 13, 30, and 34) caught a transit event allowing for a good transit fit and determination
of the orbital parameters. It is scheduled to appear in 9 more sectors (61-69) in TESS’s Year 5
observations (early-to-mid 2023), and sectors 64 and 67 are expected to show additional transits
given the ephemeris found later in this paper.

We downloaded the Presearch Data Conditioning Simple Aperture Photometry (PDCSAP;
Stumpe et al., 2012, 2014; Smith et al., 2012) light curves from the Mikulski Archive for Space Tele-
scopes (MAST) repository (doi:10.17909/t9-nmc8-f686). These data are background subtracted
and have had instrumental systematics identified and removed. The TESS data are visualized in

Figure 3.1.
3.2.2. Ground-based light curves

Follow-up observations were made by members of the TFOP and are hosted on the Exoplanet
Follow-up Observing Program (ExoFOP) TESS website (doi: 10.26134/ExoFOP3).

PEST:
We observed TOI-1221.01 on UTC 2021-01-14 in R; band from the Perth Exoplanet Survey
Telescope (PEST) near Perth, Australia. The ~8.1 hour observation covered pre-ingress baseline
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Fig. 3.2. A 5’ field of view from PEST centred on the target (centre object, ID #6). An example
TESS aperture is overlaid in the same scale (cyan). Identifier numbers come from a brightness-
ordered list of Gaia stars (red X points) in the area. Given TESS’s pixel size and PSF width, it is
typical to check for NEBs within 2.5"of the target (orange circle). NEB check results for detectable
neighbouring stars are displayed in Table 3.1.

through about 65% of the predicted transit duration. The 0.3m telescope is equipped with a
1530 x 1020 SBIG ST-8XME camera with an image scale of 172 pixel™! resulting in a 31" x 21’
field of view. A custom pipeline based on C-Munipack! was used to calibrate the images and
extract the differential photometry, using an aperture with radius 570. The images have typical
stellar point spread functions (PSFs) with a FWHM of ~ 5”. The target star was intentionally
saturated to check for fainter nearby eclipsing binaries (NEBs) near TOI-1221. The data rule out
NEBs in stars within 2’5 of the target star that are fainter by as much as 7.5 magnitudes in R. band,
except for the nearest neighbor (TIC 349095148) at 13”2 separation which had a contaminated
aperture. An example PEST image is shown in Figure 3.2.

LCOGT:

In order to gather additional transit detections and to clear the NEB potential of the remaining
13.2”neighbour, we obtained two observations from the Las Cumbres Observatory global telescope
network (LCOGT; Brown et al. (2013)) 1.0 m telescopes using the SINISTRO instrument in the zs-
band. Being distributed in various locations around the globe, LCOGT observations of TOI-1221

thttp://c-munipack.sourceforge.net
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Fig. 3.3. Light curves from the two LCOGT observations. Cyan points are binned to 15-minute
intervals. The predicted timings come from the fixed-period ephemeris of previous TESS data.
The transit duration is long enough to require observing from two separate longitudes to detect
both ingress and egress. Like in Figure 3.1, the central orange and black lines indicate the midpoint
timing expected by a fixed-period model or fitted by an agnostic model allowing TTVs, respectively.

were possible at a few southern sites: the Siding Springs Observatory (SSO) in Australia, the South
African Astronomical Observatory (SAAO), and the Cerro Tololo Inter-American Observatory
(CTIO) in Chile. We used the TESS Transit Finder tool, which is a customized version of the
Tapir software package (Jensen, 2013), to schedule these LCOGT observations.

The first observation occurred on 2021-10-16 where an ingress event was visible from the SSO
site. Simultaneous observations by two on-site 1.0 m telescopes (A and B) were made, although
substantial systematics on telescope A prompted us to exclude it from further analysis. The light
curve from telescope B achieved photometric precision comparable to the transit depth, and so was
retained. Unfortunately an attempted observation of the associated egress event at the SAAO site
several hours later was thwarted by poor weather.

The second observation took place on 2022-04-17. This time the weather cooperated and we
were able to capture both the ingress and egress events from the CTIO and SSO sites, respectively.
The images from each observation were calibrated by the standard LCOGT BANZAI pipeline
(McCully et al., 2018). Photometric data were extracted using AstroImage] (Collins et al.,
2017b) and circular photometric apertures with radii ~ 5”8. This aperture excludes most of the flux
from the nearest known Gaia DR3 and TIC version 8 neighbor (TIC 349095148) which is 1372
SSW of TOI-1221. An aperture on TIC 349095148 also ruled out an NEB in this neighboring star
(see section 3.3.2 and Table 3.1). LCOGT light curves are shown in Figure 3.3.
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Fig. 3.4. Contrast achieved via speckle imaging from SOAR (left) and Gemini-S/Zorro (right)
for TOI-1221. Neither measurement detects any neighbouring sources within the limits of their
sensitivities (507).

3.2.3. WASP-South

Though the transit depth of TOI-1221.01 is too shallow to be detectable by this instrument,
the Wide Angle Search for Planets telescope (WASP; Pollacco et al. (2006)) has archival data on
this target that are useful to assess stellar activity and rotational modulation. The archive contains
23,000 photometric data points on TOI-1221 spanning 4 observing seasons (2008/09, 2009/10,
2010/11 and 2011/12). Typical cadence was 15 min with individual exposures of 30 sec and a

precision of about 6 mmag.

3.2.4. High-contrast imaging

SOAR:

Initial high-contrast speckle imaging was taken on 2019-11-09 with the visiting HRCam on
the Southern Astrophysical Research (SOAR) Telescope. The HRCam is a fast imager that takes
rapid diffraction-limited images with a Cousins [ filter and computes their power spectra and
auto-correlation functions (ACFs). Fringes in the power spectra or symmetric peaks in the ACFs
indicate the detection of a nearby neighbour (Tokovinin, 2018). The SOAR observation is shown
in Figure 3.4 (top panel).

Gemini-S/Zorro:

We acquired further high-contrast speckle imaging from Gemini South with the Zorro instru-
ment on 2021-10-19 (program ID: GN/S-2021A-LP-105) as part of the ongoing exoplanet follow-up
imaging campaign of Howell et al. (2021). Zorro is able to simultaneously image in two filters,

providing both 562 nm and an 832 nm measurements. Seeing conditions were variable during the
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observation but remained within acceptable ranges. Images were processed using the pipeline de-
scribed in Howell et al. (2011). The Gemini/Zorro observation is also shown in Figure 3.4 (bottom

panel).

Table 3.1. NEB clearance by PEST and LCOGT

Parameter Description (Units) Values Prior

ID Amag RMS o6nes SNR Target Instr.
(ppt)  (ppt) sep.
101 4.03 17 20 14.6 143" PEST
125 4.46 25 29 144 1'45” PEST
139 4.82 30 41 17.0 2'03” PEST
207 5.42 56 70 155 1'50” PEST
214 5.43 58 71 152 2'16” PEST
269 5.70 69 91 164 145" PEST
295 5.77 76 98 16.0 1'56” PEST
344 6.27 103 154 18.6 147" PEST
397 6.34 189 165 10.8 223" PEST
478 6.47 174 185 13.2 022” PEST
503 7.36 331 422 158 1’37 PEST
550 7.07 233 324 17.3 2'24” PEST
553 7.16 219 350 19.8 122" PEST
583 7.35 399 417 13.0 150" PEST
1034 7.30 418 399 11.8 1'32” PEST
88 3.54 8.7 13 119 013" LCOGT

Note: The ongp quantity is a measure of how deep a transit would need to be on
this particular target alone in order to cause the transit depth observed in the blended
TESS aperture. Light curves for all these targets showed no indication of transit-like
signals. We use the simple transit SNR calculation of Pont et al. (2006, eq.3) to justify
the non-detections on each neighbour star. The aperture of the closest neighbour star
(ID: 88) was contaminated by TOI-1221 in the PEST image and produced unreliable
results. The subsequent higher resolution LCOGT observation was able to resolve the

two stars and perform a proper NEB check on this source.

3.2.5. Reconnaissance spectroscopy
CHIRON:

We obtained three spectra of TOI-1221 between 2019-10-19 and 2021-10-04 (program IDs:
BOYA-19B-0232 and QUIN-21A-3268) using the CHIRON high-resolution echelle spectrograph
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on the 1.5 m SMARTS telescope at the CTIO (Tokovinin et al., 2013). In slicer mode, CHIRON
uses a fiber-fed image slicer to feed the instrument and provides a resolving power of R ~ 80,000
across a broad wavelength range (4100-8700 A). One spectrum was taken near transit, while the
other two spectra were taken near opposite quadratures, providing the most radial velocity (RV)
leverage. These measurements are listed in Table 3.2. The CHIRON spectra can also be used to
characterize the stellar properties, place conservative mass limits on the transiting planet, search
for massive outer companions, and rule out false positive scenarios that would induce large RV
variations or exhibit spectral line profile variations. We use the spectra provided by the CHIRON
instrument team, optimally extracted according to the procedure described in Paredes et al. (2021),
which also demonstrates instrument velocity performance at the Sm s~! level for the brightest,

slowly rotating, K dwarfs.

3.3. Analysis
3.3.1. Discovery

The initial Sector 7 discovery of the TOI-1221.01 transit signal by the VSG (Kristiansen et al.,
2022) was made using LcTools (Kipping et al., 2015; Schmitt et al., 2019a) shortly after the data
became available in early 2019. The search was then extended to light curves of Sectors 1-7 from
the Mikulski Archive for Space Telescopes (MAST), binned at 6 points per hour in order to search
for additional transits. The second transit was located in Sector 3 giving a period estimate of 91.6
days. Once the Sector 10 data were released, a third matching transit was found, confirming the
periodicity.

The transiting planet signature was also independently detected by the SPOC using an adaptive
wavelet-based matched filter (Jenkins, 2002; Jenkins et al., 2010, 2020) during a multi-sector search
of sectors 1-9. The transit signature passed all the diagnostic tests performed by the Data Validation
(DV) module (Twicken et al., 2018) which also performed an initial limb-darkened model fit (Li
et al., 2019). Further, the difference image centroiding analysis performed by the DV on sectors 1-
39 localized the source of the transit signature to within 7”76 + 6”8 of TOI-1221. The TESS Science
Office (TSO) promoted this candidate to TESS Object of Interest status on 2019-08-26 upon review
of the DV report and other diagnostic information. No signals from additional transiting planets
were discovered in this target’s light curve during these searches, nor from a box least squares

search including the most recent sectors.

3.3.2. False positive scenarios

The most likely false positives to mimic an exoplanet in TESS observations involve transiting

objects that are non-planetary in nature. They may be physically bound to the host, or simply
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situated in close sky-projected proximity. We can test for a number of typical indicators and

scenarios.

Planetary nature of the 92-day signal:

We first determine that the transit event is indeed occurring on TOI-1221 and not a nearby star
blended in the TESS aperture. In NEB false positive scenarios, transiting stellar companions of
comparable size to their host star are prone to producing V-shaped transits or grazing geometries,
both of which are argued against by the flat bottom and clear demarcations of ingress and egress
seen in the light curves.

We explicitly check the surrounding sky for potential NEB sources using small ground-based
telescopes to clear all reasonably bright sources in the region. In this context, clearing neighbour
stars means that the unblended light curves of these stars show significant non-detections of transit-
like signals at depths that would produce the observed flux drop in the blended TESS aperture. The
PEST observation clears stars within Amag ~ 7.5 in a 2’5 radius with the exception of the nearest
neighbour (1372 away SWW) which was not cleanly resolved from the target. The subsequent
LCOGT-1m observations simultaneously detected a transit on-target and was able to resolve and
rule out an NEB signal on the 13”2 neighbour. Table 3.1 shows the NEB potential for reasonably
bright stars within 2!5 ruled out by the PEST and LCOGT measurements. With these small-
telescope observations, we can conclude that sources from 2!5 out to ~10” show no indication of
NEB signals.

Turning to spectroscopy, we derive RVs from the CHIRON data of TOI-1221 using fitted line
profiles of each spectrum, which were extracted using least-squares deconvolution (LSD) of the
observed spectrum against synthetic templates (Donati et al., 1997). The CHIRON RVs (listed in
Table 3.2) show no large velocity variation across the 2-year baseline and wide phase coverage.
With the relatively flat nature of the RVs gathered near pre- and post-transit quadratures, the 10~ and
30 upper limits on the planet mass, given its period, are 1.1 Myy, and 3.5 Myyp, respectively. While
the RV measurements are not sensitive enough to rule out massive, outer planetary companions,
they do rule out stellar-mass components in the system with orbital periods similar to the observed
92-day signals. This is in line with the Gaia Renormalised Unit Weight Error (RUWE) measure of
1.11, which is consistent with expectations for a single star.

As a final quantitative assessment of the planet’s validity we used the TRICERATOPS (Tool
for Rating Interesting Candidate Exoplanets and Reliability Analysis of Transits Originating from
Proximate Stars) statistical validation package for TESS transits (Giacalone & Dressing, 2020;
Giacalone et al., 2021). TRICERATOPS uses a Bayesian framework developed with TESS obser-
vations in mind. It leverages the well-characterized stellar qualities in the TESS Input Catalog
and specifically handles multiple blended stars in the large TESS apertures in a precise manner. It
calculates false positive probabilities by leveraging known information about background star rates

and bound multiplicity priors. It also applies provided contrast curves to refine its assessment.
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TRICERATOPS calculates an intrinsic false positive probability (FPP) which considers scenarios
only involving absent or unresolved close neighbours, as well as a nearby false positive probability
(NFPP) which involves scenarios with nearby stars. Based on comparisons to externally vetted
TOIs, TRICERATOPS defines a planet candidate as validated if it achieves a FPP < 0.015 and
NFPP < 0.001. For our analysis at hand, we entered in the six detected TESS transits of TOI-
1221.01 and the high-contrast imaging limits placed by SOAR and Zorro. We calculate the values
FPP = 0.0014 + 0.0003 and NFPP = 0.0012 + 0.0004. The FPP statistic falls well below the
TRICERATOPS validation threshold, and the NFPP straddles the threshold between "validated" and
“likely planet" designations. It is worth noting that TRICERATOPS does not have a way to include
RV constraints in its assessment, nor does it know that we have cleared the closest neighbours of
NEB potential. Its findings, given these omissions, are likely very conservative.

In sections 3.3.4 and 3.4.2 we discuss the presence of transit timing variations (TTVs) in the
observations. This is additional qualitative evidence against the NEB hypothesis. For the observed
transits to be caused by an NEB, this NEB would have to exhibit TTVs and would therefore have
to be a trinary (or more) system.

Table 3.2. CHIRON radial velocities of TOI-1221

BIDtpg RV ORV phase
(kms™") (kms™)
2458775.86419 15.9562 0.0201 0.054
2459345.46777 16.0370  0.0221 0.267
2459491.84557 16.0263  0.0519 0.863

Limits on additional system companions:

We further probe tighter separations than was possible with the small ground-based telescope
observations. The Gaia DR3 catalogue (Gaia Collaboration et al., 2016; Babusiaux et al., 2022)
reports no sources within 12”, and so clears the area down to its resolving power of <1” with
its high completeness limits at ~17 Gaia magnitudes2. For the region within 1”, we look at the
acquired high contrast speckle imaging. The initial SOAR/HRCam and subsequent Gemini-S/Zorro
images clear the surrounding sky of sources (at a So- level) down to Amag of 5.2 at 0’1 separation.
This inner working angle corresponds to ~13.7 au given the Gaia parallax distance of 137 pc. Out
towards 3” the contrast improves to Amag = 7, as shown in the curves of Figure 3.4. These Amag
limits rule out the presence of anything more luminous than approximately an M4V dwarf at 0”1
or M6V dwarf out towards 1”.

The CHIRON spectra are useful in this application as well. Blended eclipsing binaries can
produce spectral line profile variations as a function of orbital phase, but we find no evidence for

2https://gea.esac.esa.int/archive/documentation/GEDR3/Catalogue_consolidation/chap_
cu9val/sec_cu9val_introduction/ssec_cu9val_intro_completeness.html
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additional stars or variable line profile shape in the spectra of TOI-1221. Additionally, while the
mostly flat RVs limit anything orbiting at P ~ 90 days to planetary mass, a small, marginally
significant RV slope exists (0.13 + 0.053 ms~! day™!) that could indicate an additional massive
object with a wider orbit. With only 3 data points, directly fitting any kind of model is impractical.
However, we can explore some limiting cases. Let us restrict ourselves to simple circular edge-on
orbits that could account for the observed slope. The RVs exhibit this slope over their span of ~2
years. A 2 My, object on a 3 au orbit (5.2 year period) could produce the slope, but smaller orbits
would have RV variations of too high frequency. At the other end of the scale, a 0.24 M, star
(~M4V) at 30 au (165 year period) could also produce the slope, but at an angular separation of (/2
it would be bright and separated enough to be detected in the Zorro image. Any number of mass—
period combinations in between these scenarios could produce the observed slope while remaining
undetected by Zorro. Photometrically, none of the objects in this range are bright enough to have a
significant impact on our transit fits. Even an unresolved M4V star would only cause a minor flux
dilution, affecting our radius value by <1% which is smaller than our measured uncertainties.

Of course, realistic RV curves depend strongly on orbital inclination, phase, and eccentricity
which are all unknown. There is the additional possibility of the observed RV “slope" not being
a true gradual slope, but undersampled aliasing of a moderate-strength signal with period shorter
than the 2-year coverage. Much uncertainty remains because we have few RV measurements with
poor precision.

While the 91.7-day period signal passes all planetary validation checks, the data allow for the
presence of another companion in the system. The observations leave room for another body out to
roughly 30 au and less than about 0.24 M. Such a companion does not pose photometric dilution
issues, but may have an impact in inducing TTVs. With all these validation results taken together,
we consider the practical false-positives ruled out. From this point onward, we consider the transit
events to be caused by a planet and fit the light curve following that assumption. We will adopt the
nomenclature of TOI-1221 b to refer to this planet moving forward.

3.3.3. Stellar characterization

We performed an analysis of the broadband spectral energy distribution (SED) of the star
together with the Gaia EDR3 parallax (with no systematic offset applied; see, e.g., Stassun &
Torres, 2021), following the procedures described in Stassun & Torres (2016); Stassun et al. (2017,
2018a). We pulled the B7Vy magnitudes from Tycho-2, the JHKg magnitudes from 2MASS, the
W1-W4 magnitudes from WISE, the GgpGrp magnitudes from Gaia, and the NUV magnitude
from GALEX. Together, the available photometry spans the full stellar SED over the wavelength
range 0.2-22 ym.

We performed a fit using Kurucz stellar atmosphere models, with the free parameters being the

effective temperature (7.¢) and metallicity ([Fe/H]). The remaining free parameter is the extinction
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Fig. 3.5. Spectral energy distribution of TOI-1221. Red symbols represent the observed pho-
tometric measurements with the horizontal bars representing the effective width of the bandpass.
Blue symbols are the model fluxes from the best-fit Kurucz atmosphere model (black).

Ay, which we limited to the maximum line-of-sight value from the Galactic dust maps of Schlegel
et al. (1998a). The resulting fit (Figure 3.5) has a reduced )(2 of 1.5, with Ay = 0.06 + 0.04,
Teg = 5700+100 K, and [Fe/H] =0.0+0.3. The departure from a smooth Rayleigh-Jeans relationship
beyond 10 um is a known artifact in the Kurucz atmosphere models. It arises from the inclusion of
certain opacity sources in the mid-IR and smoothing effects. Integrating the (unreddened) model
SED gives the bolometric flux at Earth, Fyq = 1.597 + 0.037 X 1077 erg sl em™2. Taking the
Fvo1 and Tog together with the Gaia parallax gives the stellar radius, Ry, = 0.993 + 0.037 Rg. In
addition, we can estimate the stellar mass from the empirical relations of Torres et al. (2010a),
giving M, = 1.03 = 0.06 M.

Finally, we can use the star’s NUV flux to estimate an age via empirical activity-age relations.
The observed NUV excess implies a chromospheric activity of log Ry = —5.2 £ 0.1 via the
empirical relations of Findeisen et al. (2011). This estimated activity implies an age of 7, =
10 = 2 Gyr via the empirical relations of Mamajek & Hillenbrand (2008). This age estimate
is broadly consistent with that estimated from the star’s rotation via gyrochronology relations
(Mamajek & Hillenbrand, 2008). From the spectroscopic v sini, together with R, we obtain a
projected rotation period of Py /sini, = 25 + 5 days, implying an age of 7, = 4.93’% Gyr.
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Table 3.3. Stellar characterization by CHIRON spectroscopy and SED analysis

Parameter CHIRON SED Units
M, 0.93 +0.22¢ 1.03 £ 0.06 Mo
R, 1.031 £ 0.022¢ 0.993 £ 0.037 Rg
Px 1580 + 190 1190 + 290 kgm™3
Teg 5592 + 50 5700 + 100 K

[Fe/H] 0.06 + 0.08 0.0+0.3 dex
logg 438 +0.10 - dex
v sini 2.1+04 - kms~!
Frol - 1.597 £0.037 x 10™°  ergs™' cm™2
Ay - 0.06 + 0.04 -
log Rjj¢ - -52+0.1 -
Lo - 4.9437% Gyr
Ts - 10+2 Gyr

¢ Derived using CHIRON values for 7. and log g along with Gaia
parallax distance (137 pc) and SED Fy.

b Gyrochronology.

¢ Activity.

We additionally verify the low activity of TOI-1221 with the 23,000 photometric data points
from WASP-South. In searching for rotational modulations using methods described in Maxted
etal. (2011), we constrain the variability to a 95% confidence upper limit of 0.7 mmag. This relative
inactivity is nicely consistent with the old age estimate from the NUV.

As an independent determination of basic stellar parameters, we estimated spectroscopic stellar
parameters by matching our CHIRON spectra against a library of observed spectra that have
previously been classified by the Stellar Parameter Classification routines (SPC; Buchhave et al.,
2012). We interpolated to the best-matched values of effective temperature, surface gravity, and
metallicity using a gradient-boosting regressor implemented in the scikit-learn python module,
and found T = 5592 + 50K, logg = 4.38 + 0.10, and [Fe/H] = 0.06 + 0.08. The projected
rotational velocity, v siniy, is derived following Gray (2005) and Zhou et al. (2018), by fitting
broadening kernels to the instrumental, macroturbulent, and rotational line profiles. It is measured
to be 2.1 +0.4 kms~!, but we note that this is smaller than the resolution element of the instrument
and may be susceptible to systematic errors greater than the internal uncertainty quoted here.

We determine another mass and radius estimate using the CHIRON T.¢ and logg values
combined with the Gaia parallax distance and SED bolometric flux. The derived stellar densities
(px) from the CHIRON and SED analysis are in agreement with one another. They also agree with
the TESS Input Catalog (TIC; Stassun et al., 2018b) value used as a prior in our model fit, discussed
in the next section. The parameter values for both the CHIRON spectroscopy and SED analysis are
summarized in Table 3.3.
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Table 3.4. Median values and 68% confidence interval for TOI-1221 b.

Parameter Description (Units) Values Prior
Target Parameters:
P..... Period” (days)............ 91.68278+0.00052 -
To..... Epoch reference® (BJD1pg) ... ... 2458404.1791*+0:9055 -
Tia .. Transit duration (hours) ........ 8.12+00 -
R, /R Planet radius in stellar radii . . . .. . 0.02679t%'.%%%6576 U[0.0,0.05]
R, Planet radius (Rg) .......... 2.91*¢:13 -
S ... Transit depth (R, /R,)? ....... 0.00072+490004 -
b..... Impact parameter........... 0.257022 [0.0,1.027]
i, Inclination (deg)........... 89.75%01¢ -
a/Ry Semi-major axis in stellar radii .... 83.7% % -
a..... Semi-major axis (au) ......... 0.387i%‘_%22% -
e..... Eccentricity ............. <0.21 -
W ... Modified argument of pericentre? (deg) 108+3] -
Ve sinw e,w parameterization ......... 0.00*9-18 U[-1.0,1.0]
Ve cos w e,w parameterization ......... 0.01794% U[-1.0,1.0]
Pp Planet density® (gecm™3) ....... 2.01t%"7613 -
M, Planet mass® (Mg) .......... 9.4%% -
loggp Surface Gravity“ (g, given in cm s72) . 3. lSi%'_ggl -
K.... RV semi-amplitude¢ ......... 1.244970 -
S, Insolation? (Sg) ........... 6.06%05> -
Teq Equilibrium temperature® (K)..... 440 = 60 -
Pscvnnn Stellar density (kgm™3)........ 1320+320 N (1349, 296)
Tyo - Epoch 0 transit midpoint (BJDtpg). . . 2458404.184470.000 N/ (2458404.1850,0.02)
T . Epoch 1 transit midpoint (BJDrpp). . . 2458495.8474+0.007%  N(2458495.8681,0.02)
T Epoch 2 transit midpoint (BJDrpg). . . 2458587.5401*09%¢1  N/(2458587.5511,0.02)
T Epoch 3 transit midpoint (BJDrpg). . . 2458679.2361*099¢  N/(2458679.2342,0.02)
Tyg ... Epoch 8 transit midpoint (BJDtpg). . . 2459137.649470.000%  N/(2459137.6494,0.02)
Ty ... Epoch 9 transit midpoint (BJDtpg). . . 2459229.3342+0.0097  N/(2459229.3325,0.02)
Ty - ... Epoch 12 transit midpoint (BJDrpp) .. 2459504.3456*0901  N/(2459504.3690, 0.02)
Tyia - ... Epoch 14 transit midpoint (BJDrpp) .. 2459687.7466*000%  N'(2459687.7500, 0.02)
Telescope-specific Parameters:
G1-TESS - - Quadratic limb darkening coefficient” . O.26J:(())‘_%2l N(0.264,0.02)
G2-TESS - - Quadratic limb darkening coefficient” . 0.347000 N (0.334,0.02)
G1-LCOGT - Quadratic limb darkening coefficient/ . 0.25%9.02 N (0.250,0.02)
42-LCOGT - Quadratic limb darkening coefficient/ . 0.3079.9% N(0.301,0.02)
U1_TESS - - Quadratic limb darkening coefficient/ . 0.35t%‘.%22 -
Ur_TESS - - Quadratic limb darkening coefficient/ . 0. 16’:%'_%21 -
U1-LCOGT - Quadratic limb darkening coefficient’ . 0.30t%_%22 -
UI_LCOGT - Quadratic limb darkening coefficient/ . 0.2079.00 -
HUTESS - - - TESS relative flux offset ....... —0.00011 = 0.00001 N(0.0,0.1)
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ULCOGT - - LCOGT relative flux offset ...... 0.00003 + 0.00004 N(0.0,0.1)

oGp-TEss - GPamplitude® (ppm) ........ <0.132 L£[107%,107]
pGp-TEss . GP time-scale of Matern parté (days) . <0.725 £[1076,10?]
TGP-TESS - GP time-scale of exponential part® (days) <0.013 £[107°,10?]
oGp-rcogr GPamplitude® (ppm) ........ <0.175 £[107°,10?]
pcp-Lcocr GP time-scale of Matern part$ (days) . < 0.486 £[107°,10%]
1Gp-Lcogr  GP time-scale of exponential part? (days) <0.148 L£[107%,10?]

Notes: Posted uncertainties (and limits) encompass the 68% confidence interval. Directly fitted parameters
include a prior description. Priors are of three varieties: Uniform over a given interval, U [a,b], normal with
stated mean and standard deviation, N (u,07), or log-uniform over a stated range, £[a,b]. If no prior is specified,
the quantity was calculated from other parameters.

¢ P and Tj are determined as the best-fit linear ephemeris around which the individual transit timings vary.

b 'When eccentricity is low the light curve shape is insensitive to whether the transit occurs before or after
pericentre passage. We define w’ as the absolute angle between the line of sight and pericentre passage. This
collapses w’s strongly bimodal distribution to a unimodal posterior and is easier to present in a written table. w
has peaks at 198° and 342°.

¢ Planetary mass estimate comes from from the model uncertainty of Otegi et al. (2020). This value was used
to calculate other mass-related quantities (e.g. pp, log gp, and K).

4 TInsolation level assumes an orbital distance of r = a.

¢ Assuming no albedo and perfect thermal redistribution.

/' Definitions and discussion of the different parameterizations {u,u>} vs. {g1,q2} can be found in Kipping
(2013).

& The reported Gaussian process posterior limits all essentially reflect the input prior.

3.3.4. Transit fitting

Fitting with Juliet:

To extract planetary parameters from the light curve, we used the Juliet python package
(Espinoza et al., 2019b). At its core, Juliet generates transit models using the BAsic Transit
Model cAlculatioN (batman; Kreidberg, 2015b) code and includes a range of MCMC and nested
sampling methods to fit photometric light curves and radial velocity data sets. Among many other
features, it can handle multiple planets, multiple instruments and data sets, and detrending via linear
models or Gaussian processes.

The batman transit modelling package requires the input parameters Ty, P, R,/ Rx, a /Ry, i, e, w
as well as a limb darkening model and associated coefficients. However, although it can uniquely
generate a transit light curve with these parameters, many of them do not facilitate efficient
exploration of physically relevant parameter space. Juliet allows for a number of equivalent

parameterizations that do a better job in this regard.
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Fig. 3.6. Individual transit midpoint posteriors for each transit in our data set. In each plot, the
orange region corresponds to the 68% highest-posterior density (HPD) region, and the blue line
shows where the best-fitting linear ephemeris would predict the midpoint to fall. Grey dashed
curves show the Gaussian prior placed on these midpoint timings.

One substitution we made was to forego directly fitting the semi-major axis (a/R,) in favour
of fitting the stellar density (p4). For a given period, the two are directly interchangeable using
Kepler’s 3rd Law, and there are independent constraints already set on the stellar density to use
as a prior (Stassun et al., 2018b). We also re-parameterize the eccentricity (e) and argument of
periastron (w) by instead fitting /e sin w and +/e cos w for which it is easier to efficiently sample
the entire parameter space. Finally, we employ a quadratic limb-darkening law and use the g1,q>
parameterization of Kipping (2013), corresponding to the transformations in Espinoza & Jorddn

(2016) for uy,u>. Again, this simply samples the allowable space with improved efficiency.

TTVs:

We found a few strange inconsistencies in our initial exploratory MCMC fits of the transit
data. One oddity was a curious bimodal distribution in the T and P posteriors. Another was the
tendency for walkers in longer MCMC runs to eventually transition from a model with small impact
parameter and low eccentricity (which we will label m) to a model with much more extreme
parameters (m,). The extreme model m, differed primarily in a few key parameters. The impact
parameter suggested a nearly grazing transit geometry (b, > 0.9), the eccentricity was drawn to
very large values (e; > 0.7), and planetary radius came out about 18% larger. Despite the wild
changes in these transit parameters, m and m, produce very similar transit shapes. The only subtle
difference between the two was a slight flattening of the ingress and egress slopes of m, compared

to m;. Subsequent tests using nested sample routines found the same model shift even more easily,
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likely because nested sample techniques tend to be less prone to getting trapped in local likelihood
maxima.

The bimodal P and Tj posteriors were are first clues that transit timing variations (TTVs) may
be at play, and the specific differences in parameters between m; and m, lent credence to the idea.
As described in Kipping (2014, Fig. 3), the Photo-Timing Effect produces exactly these biases
when existing TTVs are unaccounted for. If one tries to fold transit observations according to a
single period, which is effectively how a fixed-period fit operates, then the presence of TTVs will
wash out the ingress and egress signals to a degree when they do not line up properly.

In our case at hand, the artificially flattened ingress and egress slopes mimic a high-b transit
shape. A large impact parameter typically shortens the transit duration (by having a shorter chord
across the stellar surface) unless another parameter can compensate. A shift of the semi-major
axis (a/Ry) could make up the difference, except that it is quite well-constrained by our prior
knowledge of the stellar density (p4). The only remaining free parameter that could preserve the
observed transit duration is a shift to high eccentricity (and accompanying appropriate argument
of pericentre). A high-b geometry also implies the planet transits across the less bright limb of the
star and possibly only grazes the stellar disk, requiring a larger planetary radius to affect the same
observed flux drop. These are exactly the differences we see between m; and m; parameter sets.
We take this line of reasoning as additional qualitative evidence that TTVs are truly present in this
data.

We decided that the most unbiased approach was to employ a transit fitting routine that made
no assumptions of fixed periodicity. Juliet offers just such a functionality, allowing priors to be
set on individual timings for each detected transit. In this way, it is not simply the period that is fit,
but the individual transit midpoints. Other parameters are constant across all transits for a given
sample model, but the normally fitted timing parameter 7j is replaced by several 7; parameters, one
for each transit epoch. General P and Ty posteriors are determined by Juliet , but these simply
indicate the best linear ephemeris around which the TTVs oscillate.

We carried out the TTV fit on the combined set of the TESS and LCOGT observations shown
in Figures 3.1 & 3.3 using Juliet’s built-in nested sampling routines (dynesty, in this case).
Extreme parameter models similar to m; are completely absent when we make this kind of timing-
agnostic fit, and only results similar to the moderate m; model are favoured. This leads us to
believe that the m;-like models are not physically motivated, but are the result of trying to force a
fixed period model onto data with variable transit timing. The specific results of the TTV fit are
addressed in Section 3.3.4.

Priors:
Specific prior distributions for fitted parameters are listed in Table 3.4. Quantities without listed
priors are not directly fitted, but are calculated from other values. P and Tj do not receive specific

priors in the typical sense. Instead, each individual transit midpoint was given a wide Gaussian
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Fig. 3.7. Top: Midpoint timing distributions from Figure 3.6 plotted across time. Width of the
blue region indicates posterior probability distribution. The purple curves show sinusoid fits to
1000 random draws of these distributions. The timings display a sinusoidal variation suggestive of
systematic TTVs. Bottom: Distributions of the amplitude and periodicity from fitting 10° random
draws. A zero-amplitude line (i.e. fixed-period ephemeris) is disfavoured at 5.7¢ .

prior (Table 3.4 and Figure 3.6) based on timing predictions from the TESS team’s original fixed-
period ephemeris. The planetary radius parameter R,/R, receives a uniform prior over a range
that comfortably encompasses the observed transit depth, including the null option of zero depth.
The uniform prior for b covers the entire possible range given the expected planet size. Physically
motivated limb darkening parameters g; and g, for both TESS and LCOGT were calculated using
code by Espinoza & Jordéan (2015) and the priors determined by the individual telescope response
functions and uncertainties in stellar parameters. We used uninformative uniform priors over the
whole range of the /e sinw and +/e cos w parameters, and a Gaussian prior for p, which comes
from the TESS Input Catalog (Stassun et al., 2018b). We also include a Gaussian process in the fit.
Amplitude and length-scale parameters were given very wide log-uniform priors spanning many

orders of magnitude.

Fit results:

The fitted and derived parameter posterior distributions are summarized in Table 3.4. TOI-
1221 b is approximately 2.9 Rg in size, or ~75% Neptune’s radius. It orbits at ~0.4 au and, receiving
about 6 times the Earth’s insolation and assuming no albedo and no tidal locking, would have an

equilibrium temperature (T¢q) of roughly 440 K.
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Fig. 3.8. All TESS and LCOGT transits stacked and aligned to transit midpoints with highest
likelihood model overlaid. Cyan points are data binned to 30 minutes.

The timing posteriors of each of the 8 transits are also shown graphically in Figure 3.6. For
most of them, the expected transit midpoints of the best-fitting fixed-period ephemeris (blue lines)
fall in the wings of the distribution. Comparing the observed posteriors with the priors (grey
curves) shows these features are data-driven and not strongly influenced by the prior. Plotting the
observed-minus-calculated (O-C) timing differences as a function of transit epoch, we arrive at
the values displayed in Figure 3.7. The timing offsets seem to preferentially follow an oscillatory
pattern with amplitude 23.5j‘% minutes and periodicity of 485f113 days (5.29fgé71 orbits). The
amplitude distribution excludes a fixed-period ephemeris (i.e. zero amplitude) at 5.70-. We note
that the two final (LCOGT) transits appear to have large TTV offsets and might be thought to drive
the sinusoidal pattern. Removing these points and running the same analysis on only the TESS
transits slightly lessens the fitted amplitude by ~4 minutes and the non-fixed-period significance
to 3.60. The fitted oscillatory TTV signal is strengthened by the two LCOGT points, but does not
rely on them.

We included Gaussian process detrending parameters in our fits (trying a number of kernel
models), but results consistently came back with amplitudes at least an order of magnitude smaller
than the photometric scatter and transit depth. Our final fit includes an (approximate) Matern
multiplied by exponential kernel, implemented via the celerite package (Foreman-Mackey et al.,
2017). The highest log-likelihood model from the final fit is shown in Figure 3.8.
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Fig. 3.9. TOI-1221b (highlighted with a red border and marked with the cyan arrow near P = 91
days) placed in the context of other confirmed exoplanets with known radii. Black marker outlines
denote confirmed exoplanets with mass measurements. Blue and magenta outlines are K2 and
Kepler statistically confirmed exoplanets without mass measurements, respectively.

3.4. Discussion
3.4.1. Planet properties

In one sense, given its sub-Neptune size of 2.9 Rg, TOI-1221b is a very typical exoplanet,
as super-Earths and sub-Neptunes are the most populous exoplanet size classes (NASA Exoplanet
Archive, 2022). However, it has certain other traits that place it in the outskirts. Among exoplanets
that have well-constrained radii, TOI-1221b is currently at the 97™-percentile for orbital period,
and the 10™-percentile for Teq, placing it at the edges of this parameter space (Figure 3.9; NASA
Exoplanet Archive, 2022). This combination of a rare (or at least currently under-sampled) temper-
ature regime on a common type of planet makes TOI-1221b a valuable test-bed for understanding
cooler planets.

In the course of our analysis, we experienced first-hand the importance that relatively minor
TTVs can have on the outcome of a traditional transit fit. The Photo-Timing Effect (Kipping, 2014)
caused dramatically different fit results, even when our TTVs are of a 20-minute scale compared
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to an 8-hour transit. Allowing for some flexibility in transit timings as a test is a good practice

whenever TTVs may be present.

3.4.2. Transit timing variations

When plotted against transit epoch, the TTVs (Figures 3.7 and 3.6) seem to adhere to a
sinusoidal pattern. An oscillatory pattern can be indicative of gravitational perturbations of an
additional unseen planet, with the strongest effects near a first-order orbital resonance (Lithwick
et al., 2012). Our analysis in Section 3.3.2 of the mild RV slope and high-contrast imaging places
some limits on this possible companion. The RV slope could not be produced by an object smaller
than 2 My, on an orbit smaller than 3,au, and the Zorro imaging would detect an object more
massive than an 0.24,M, orbiting at 30 au (which could also cause the RV slope). However, objects
of lower mass could potentially hide below our RV and imaging thresholds.

To explore what kind of unseen additional companion could cause the observed TTVs, we made
use of the python module TTVFast (Deck et al., 2014). TTVFast accepts a list of bodies with
specified masses and orbital elements, then calculates the expected transit times of each given the
mutual gravitational interactions of the bodies involved.

A few findings became clear as we explored the effects of various perturbing objects on the
transit timings of TOI-1221b. Firstly, TTVs generally have multiple components to them. The
major component is a long-period variation with large amplitude that typically oscillates over tens
to hundreds or even thousands of transit epochs. The periodicity of this component is often referred
to as the “super-period" of the system’s TTVs. A secondary component caused by more frequent
synodic interactions is referred to as “chopping" and has lower amplitude and higher frequency
than the super-period signal. Our observed TTVs are more likely to be this short-period chopping
signal, rather than the super-period of the system.

Secondly, we find that many different mass—orbit configurations of a secondary planet can
faithfully reproduce the observed TTVs. These configurations can have dramatically different
planet masses and orbital periods from one another, spanning all through the parameter space
that remains “invisible" to our data sets. Unfortunately we also find that very small changes in
the perturber’s parameter space can produce wild changes in the resulting TTVs. The jagged
complexity of the many-dimensional likelihood landscape means no single model gives uniquely
satisfying results, no matter how closely it matches the observations.

The TTVFast exploration shows that it is certainly possible for another object in the system to
create the TTVs we observe (particularly as a chopping signal), though they do not help very much
in determining limits on the object’s mass or orbit. There are many cases where TTVs can be used
to estimate planet masses (e.g. Grimm et al. (2018) for TRAPPIST-1 or recently Greklek-McKeon
et al. (2023) for Kepler-289), and chopping signals can even be used to break mass—eccentricity

degeneracies (Deck & Agol, 2015). However, such cases generally require coverage of many more
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epochs than we have for TOI-1221 b (often dozens), and have the period or even TTV measurements
of the other perturbing planets. The low SNR TESS data inflating the timing uncertainties, the
long 92-day period, and the lack of other detected transiting objects work against TOI-1221b in
this case. Additional transits in upcoming TESS sectors will help to extend the epoch baseline and
may potentially show the beginnings of a super-period trend.

We also looked into transit duration variations (TDVs) that may accompany TTVs. TTVFast
predicts small TDVs for most mass—orbit configurations, on the order of 1-10 minutes. Given the
low SNR of single transits, individual fits of our data produce duration uncertainties on the order of
~30 minutes. We do not achieve the timing precision necessary to draw conclusions about TDVs.

For the time being, we can only suggest that future searches of light curves or RV data sets on
this target keep an eye out for additional signals, particularly near first-order interior and exterior
resonances (e.g. periods of 2:1-45.84, 3:2-61.12, 4:3-68.76, 5:4-73.35, 4:5-114.60, 3:4-122.24,
2:3-137.52, and 1:2-183.36 days).

3.4.3. Future observations

A full confirmation with an RV mass measurement is the obvious next step for TOI-1221 b.
With our fitted planetary radius, we can calculate the expected RV semi-amplitude signal (K) given
some assumption about the planet’s bulk density. With the mass estimate from Otegi et al. (2020)
(displayed in Table 3.4), we expect K ~ 1.2ms~!, a challenging detection. Besides providing a
mass, a precision RV campaign would also allow for a refinement of the scale height estimate and
associated atmospheric signal strength. It could potentially also detect a signal from a perturbing
body causing the observed TTVs.

If we assume a mean molecular weight similar to Neptune (¢ = 2.6 u), TOI-1221b’s atmo-
spheric signal strength (Eq. 6.154 of Perryman (2018b)) is predicted to be around 50 ppm during
transit. This small value is an expected challenge for cooler planets, but is not outside the realm
of possibility with the James Webb Space Telescope (JWST), especially as the target is relatively
bright (H,J,K ~ 9). Using the transmission spectroscopy metric (TSM) of Kempton et al. (2018,
Eq. 1) we find a value of 19.4. The TSM represents the expected signal-to-noise ratio for a 10-hour
JWST/NIRISS spectroscopic observation. This places TOI-1221 b slightly above the middle range
of TSM values for other TOIs with reliable periods greater than 50 days (roughly 15 + 9).

TOI-1221b fits the TESS Mission Level One Science Requirement of measuring the mass of
50 planets with radii smaller than 4 Rg. Though the goal was officially reached in Oct 2022,
this does not diminish the value of targets like TOI-1221b. These are the kinds of planets TESS
was designed to find. Longer-period and cooler planets generally require more time and effort to
uncover and verify than their short-period counterparts, yet they allow us to probe very different

atmospheric regimes.
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While a plethora of information exists for more easily accessible short-period planets, only
recently are we beginning to produce detailed examples of their longer-period brethren. We are
pushing those boundaries towards the regime where we can make meaningful comparisons with
our own slow and cold solar system bodies. Given TOI-1221 b’s reasonable TSM value, it provides

a good experimental case for the effects of low insolation on a ubiquitous planet class.

3.5. Summary & Conclusion

In the course of this paper, we have validated the exoplanet TOI-1221 b. In doing so we observed
and collated a wide range of data sets. Ground-based time series photometry observations from
small telescopes were able to determine that the transit signal was not caused by an eclipsing binary
in any of the nearby stars. The possibility of an on-sky blend due to a background or foreground
object was severely restricted by high contrast imaging by SOAR and Gemini-S/Zorro speckle
images. Any very low-mass M-dwarfs that could remain undetected in our data are not sufficiently
luminous to cause dilution issues with the transit fit. We further determine a low false positive
probability with TRICERATOPS.

We characterize the stellar properties both with spectra from CHIRON and an SED analysis
based on archival photometric measurements. The stellar values from these two methods are in
line with one another and also with existing assessments (e.g. the TIC; Stassun et al., 2018b).

Straightforward transit fitting methods of the TESS light curves and two LCOGT transit obser-
vations were initially confounded by what appeared to be variations in the transit timings. Fitting
routines that did not enforce a fixed-period on the model produced clearer results and revealed an
oscillatory offset pattern in observed transit midpoints. This is potentially indicative of perturba-
tions by an additional unseen planet in the system, likely near a first-order period resonance. Using
TTVFast we explored the TTVs induced upon TOI-1221b by a wide range of additional planet
mass—orbit configurations. We determine that the observed TTVs are likely to be a high-frequency
chopping signal, rather than the high amplitude but low frequency super-period. Unfortunately,
a large number of wildly different configurations can all reproduce our observations with high
accuracy. Without transit detections of the perturber, more TTVs of planet b over a much longer
baseline are needed to make informative assessments of a perturber’s mass and orbit.

Based on all of the work described above, we now consider TOI-1221 b to be a validated planet.
All of the likely false-positive are ruled out, and the transit parameters converge to reasonable
values. Moving forward, a precision RV mass measurement would solidify TOI-1221 b’s planetary
status, and with luck may also reveal a signal of the unseen perturber acting in the system.

The origin of the super-Earth/sub-Neptune valley remains an important question. Properly
testing the various hypotheses likely requires a more thorough understanding of the effects of
insolation on planetary atmospheres. Building such a robust understanding will require analysis

of the hard-to-find cool planets in addition to the more easily discovered and plentiful hot ones.
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Of TOIs that have strong period constraints, TOI-1221b is the 19"-longest period TESS planet
detected to date (out of 6133 TOIs) and is pushing the boundaries of our populated parameter space.
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3.6. Specific Contributions

This project began with my volunteering to spearhead the effort of validating this particular
target. It had been flagged within the TSTPC working group as a target with nearly enough
observations for publication. It was my responsibility to organize the observations involved, people
who contributed, and the publication itself. Being somewhat new to the group and unpracticed in
its publication procedures, I received guidance and support from Diana Dragomir, the head of the
TSTPC group. I catalogued and reviewed the existing observations on the target, ensuring they
were of adequate quality and useful to the project. I contacted the researchers involved with these
observations and integrated them with our growing team. With Diana’s help, we determined what
additional observations might still be acquired to strengthen the validation.

I requested a few observations be made by collaborators with access to certain instruments.
I asked Karen Collins to make the LCOGT transit observations. The first attempt captured only
an ingress event due to bad weather at the second location. The second attempt caught both the
ingress and egress, one from each location. The other observation I requested was the spectral
measurement from CHIRON. At the time, we had one measurement close to transit, and another
near quadrature. As the peaks and troughs in an RV curve occur near respective quadratures, I
made a request to Samuel Quinn to acquire an additional measurement at the opposite quadrature
to provide the strongest leverage on any possible mass constraints. I also personally submitted a
Fast-Turnaround proposal to the Gemini-South telescope to obtain a high-contrast speckle image
of the target. Though my proposal was accepted, a quirk in Gemini-South’s scheduling had me
team up with Steve Howell’s program to make the observation. Steve carried out the actual speckle
image reduction and processing.

With observations in hand, I began the task of synthesizing the results into a coherent picture.
Several aspects of the collection of information came from collaborators who were more well-versed
in their particular fields or with their instruments. The LCOGT final data products (i.e., light curves)
came from Karen Collins. The inference about stellar activity and modulation from WASP-South
was provided by Coel Hellier. Our initial high-contrast image from SOAR, and its requisite image
processing came from Carl Ziegler and his team. The CHRION spectral measurements were taken
by Samuel Quinn and Tabetha Boyajian, and Sam provided the RV analysis and spectral stellar
characterisation. Keivan Stassun carried out the SED stellar analysis to complement our spectral
results. All of the rest of the analysis and interpretation came from me. I folded the results from
the various observations together to rule out false positive scenarios, and I carried out the joint
TESS and LCOGT transit fit to determine the system’s parameters. I also discovered the anomalous
transit timing behaviour and carried out the TTV exploration.

Upon finishing the various analyses, I wrote the entirety of the paper included in this chapter.

This included coordinating revisions among the 28 authors, as well as submission to the journal
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and responding to the subsequent referee feedback. The final version was published in May, 2023
(Mann et al., 2023a).
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Chapter 4

Giant Outer Transiting Exoplanet Mass (GOT ’EM)
Survey: III. Recovery and Confirmation of a
Temperate, Mildly Eccentric, Single-Transit Jupiter
Orbiting TOI-2010

This manuscript is in its final stages of referee revisions before publication in the Astronomical

Journal.

CHRISTOPHER R.MANN 1’2, PauL A.DALBA 3’4, DaviD LAFRENIERE 1’2, BenyaMiIN J. FuLToN 5’6,

GuiLLauME HEBRARD 78, IsaBeLLE Boisse?, Suwera DaraL 710, Macarr DeLeuiL ?, XAVIER

DeLrossE ', OLiviErR DEMANGEON 12, TaiErrRY FOrRVEILLE '3, NEDA HEIDART ?, FLAVIEN KIEFER 14,

Eper Martiort %7, CLaRe Moutou '°, Micuaer Enpr'7, WiLLiam D. Cocuran 7, PHiLLIP

MAcQUEEN 19 Franck Marchis 2, Diana DracoMir 20, ArvinD F. Gupra 2122, Dax L. FeLiz 23,

BeLinpa A. NicHoLsoN 2429, CaARL ZIEGLER 2, STEVEN ViLLANUEvA JR. 27, Jason Rowe 282,
GEERT JAN TALENS 222, DANIEL THORNGREN °, DarYLL LACOURSE 3!, Tom JacoBs 32, ANDREW W.

Howarp 33, ALLYSON BIERYLA 34, Davip W. LaTHAM 34, Markus Rasus ¥ , TARA FETHEROLF 36,

38, PETER PLAVCHAN 39, MicHAEL REEFE40’39, DEVEN

41,42,43

CoeL HerLLier %7, Steve B. HoweLL
Cowmss 32, MicuaeL Bowen 2, Justin WitTtrock 32, GEORGE R. Ricker %!, S. SEAGER

JosHua N. Winn 2, Jon M. Jenkins 38, THomas BarcrLay *+*, Davip WaTanaBE 0, KAREN A.

34 anD Eric B. Ting 38

CoLLiNs 34, JasoN D. EASTMAN
! Département de Physique, Université de Montréal, Montréal, QC, Canada

2 Trottier Institute for Research on Exoplanets (iREx)

3 Department of Astronomy and Astrophysics, University of California, Santa Cruz, CA 95064, USA

4 SETI Institute, Carl Sagan Center, 339 Bernardo Ave, Suite 200, Mountain View, CA 94043, USA

5 Cahill Center for Astronomy & Astrophysics, California Institute of Technology, Pasadena, CA 91125, USA
6 [PAC-NASA Exoplanet Science Institute, Pasadena, CA 91125, USA



7 Institut d’astrophysique de Paris, UMR7095 CNRS, Université Pierre & Marie Curie, 98bis boulevard Arago, 75014
Paris, France

8 Observatoire de Haute-Provence, CNRS, Université d’Aix-Marseille, 04870 Saint-Michel-1’Observatoire, France

9 Laboratoire d’Astrophysique de Marseille, Université de Provence, UMR6110 CNRS, 38 rue F. Joliot Curie, 13388
Marseille cedex 13, France

10 Department of Astrophysics, University of Exeter, Stocker Rd, Exeter, EX4 4QL, UK

I Univ. Grenoble Alpes, CNRS, IPAG, 38000 Grenoble, France '? Instituto de Astrofisica e Ciéncias do Espaco,
Universidade do Porto, CAUP, Rua das Estrelas, 4150-762 Porto, Portugal

13 Université Grenoble Alpes, CNRS, IPAG, 38000 Grenoble, France

14 T ESIA, Observatoire de Paris, Université PSL, CNRS, Sorbonne Université, Université de Paris, 5 place Jules
Janssen, 92195 Meudon, France

15 L aboratério Nacional de Astrofisica, Rua Estados Unidos 154, 37504-364, Itajubd - MG, Brazil

16 Université de Toulouse, CNRS, IRAP, 14 avenue Belin, 31400 Toulouse, France

17 McDonald Observatory and Center for Planetary Systems Habitability, The University of Texas at Austin, Austin,
TX 78730, USA

18 McDonald Observatory and Center for Planetary Systems Habitability, The University of Texas, Austin, TX, USA
19 McDonald Observatory, The University of Texas at Austin, 2515 Speedway Blvd., Stop C1400, Austin, TX 78712,
USA

20 Department of Physics and Astronomy, University of New Mexico, 1919 Lomas Blvd NE Albuquerque, NM, 87131,
USA

21 Department of Astronomy & Astrophysics, 525 Davey Laboratory, The Pennsylvania State University, University
Park, PA 16802, USA

22 Center for Exoplanets and Habitable Worlds, 525 Davey Laboratory, The Pennsylvania State University, University
Park, PA 16802, USA

23 American Museum of Natural History, 200 Central Park West, Manhattan, NY 10024, USA

24 Centre for Astrophysics, University of Southern Queensland, Toowoomba, Australia, 4350, Australia

25 Sub-department of Astrophysics, University of Oxford, Keble Rd, Oxford OX13RH, UK

26 Department of Physics, Engineering and Astronomy, Stephen F. Austin State University, 1936 North St,
Nacogdoches, TX 75962, USA

27 NASA Goddard Space Flight Center, Exoplanets and Stellar Astrophysics Laboratory (Code 667), Greenbelt, MD
20771, USA

28 Bishops University, 2600 College St, Sherbrooke, QC JIM 177, Canada

29 Department of Astrophysical Sciences, Princeton University, 4 Ivy Lane, Princeton, NJ 08544, USA

30 Department of Physics & Astronomy, Johns Hopkins University, Baltimore, MD 21210, USA

31 Amateur Astronomer, 7507 52nd PI NE, Marysville, WA 98270, USA

32 Amateur Astronomer, 12812 SE 69th Place, Bellevue WA 98006, USA

33 Department of Astronomy, California Institute of Technology, Pasadena, CA 91125, USA

34 Center for Astrophysics | Harvard & Smithsonian, 60 Garden Street, Cambridge, MA 02138, USA

35 Departamento de Matemética y Fisica Aplicadas, Facultad de Ingenieria, Universidad Catélica de la Santisima
Concepcion, Alonso de Rivera 2850, Concepcion, Chile

36 Department of Earth and Planetary Sciences, University of California Riverside, 900 University Avenue, Riverside,
CA 92521, USA

37 Astrophysics Group, Keele University, Staffordshire STS SBG, UK

38 NASA Ames Research Center, Moffett Field, CA 94035, USA

98



% Department of Physics & Astronomy, George Mason University, 4400 University Drive MS 3F3, Fairfax, VA
22030, USA

40 Kavli Institute for Astrophysics and Space Research, Massachusetts Institute of Technology, 77 Massachusetts
Avenue, Cambridge, MA 02139, USA

41 Department of Physics and Kavli Institute for Astrophysics and Space Research, Massachusetts Institute of
Technology, Cambridge, MA 02139, USA

42 Department of Earth, Atmospheric and Planetary Sciences, Massachusetts Institute of Technology, Cambridge, MA
02139, USA

43 Department of Aeronautics and Astronautics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
44 NASA Goddard Space Flight Center, 8800 Greenbelt Road, Greenbelt, MD 20771, USA

45 University of Maryland, Baltimore County, 1000 Hilltop Circle, Baltimore, MD 21250, USA

46 Planetary Discoveries in Fredericksburg, VA 22405, USA

ABsTrACT. Large-scale exoplanet surveys like the TESS mission are powerful tools for discov-
ering large numbers of exoplanet candidates. Single-transit events are commonplace within the
resulting candidate list due to the unavoidable limitation of observing baseline. These single-transit
planets often remain unverified due to their unknown orbital period and consequent difficulty in
scheduling follow up observations. In some cases, radial velocity (RV) follow up can constrain
the period enough to enable a future targeted transit detection. We present the confirmation of
one such planet: TOI-2010b. Nearly three years of RV coverage determined the period to a level
where a broad window search could be undertaken with the Near-Earth Object Surveillance Satellite
(NEOSSat), detecting an additional transit. An additional detection in a much later TESS sector so-
lidified our final parameter estimation. We find TOI-2010b to be a Jovian planet (Mp = 1.29 M}y,
Rp = 1.05 Ryyp) on a mildly eccentric orbit (e = 0.21) with a period of P = 141.83403 days. As-
suming a simple model with no albedo and perfect heat redistribution, the equilibrium temperature
ranges from about 360 K to 450 K from apoastron to periastron. Its wide orbit and bright host star
(V =9.85) make TOI-2010 b a valuable test-bed for future low-insolation atmospheric analysis.
Keywords : TESS — Exoplanet — Single-transit — Radial velocity — Confirmation — TOI —
Long-period — Cool Jupiter
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4.1. Introduction

Following its launch in 2018, the Transiting Exoplanet Survey Satellite (TESS) mission (Ricker
et al., 2015) has discovered many thousands of new exoplanet candidates. As per its mission
mandate, most of these targets orbit stars bright enough for detailed follow up characterization.
While TESS’s nearly full-sky coverage and bright object target list are undeniably valuable qualities,
they do come with drawbacks. One of the most notable is its limited temporal coverage of a given
patch of sky. TESS’s observational strategy has been to shift its viewing angle every 25-30 days
to a new sector. A portion of the sky experiences field overlap between sectors, but a large fraction
(~63%) receives only month-long baseline coverage. This is obviously detrimental for the detection
of planets with orbital periods longer than ~30 days. At best, TESS might catch one single transit
in these regions before moving on to the next sector. Returning to the field in subsequent sectors
can help, but does not guarantee another transit detection. Even catching a second transit detection
typically leaves many possibilities for the orbital period depending on how many transits may
have occurred during the unobserved time interval (Cooke et al., 2021). Without knowledge of
the period, certain intrinsic system parameters remain unobtainable or strongly correlated. In
particular, the semi-major axis and the period (both of which affect transit duration) are largely
degenerate. As such, determination of stellar irradiation is unavailable. Attempted measurements
of eccentricity and the argument of pericentre are also mostly uninformative. Lacking a clear
picture of the orbital structure makes quantifying the system quite challenging. In addition, without
strong constraints on the period via multiple transit detections or extensive radial velocity (RV)
follow up, scheduling any sort of additional transit-based observations (e.g., transmission/emission
spectroscopy, Rossiter-McLaughlin effect, etc.) becomes nearly impossible.

This is unfortunately the fate of most long-period single-transiting planet candidates in the
TESS catalogue. To date, more than 98% of the 6000+ TESS Objects of Interest (TOIs) with
known periods are on orbits shorter than 50 days (Exoplanet follow up Observing Program; (doi:
10.26134/ExoFOPS) and many of those that have longer reported orbits are poorly characterized
and require further verification. Even if a rough period estimate can be established with RV
measurements, the timing uncertainty of future transits grows with each subsequently unobserved
transit (o7, o nop, where n is the number of transits since the period uncertainty, op, was
calculated). Generally, multiple transit observations are needed to provide tight constraints on the
period and keep future timing uncertainties small.

Both transit and RV detection methods suffer observation and detection biases against long-
period planets. In transit surveys, such planets require much longer baseline to capture sufficient
events (Beatty & Gaudi, 2008). With finite data sets, their folded multi-transit signal-to-noise ratio
(SNR) builds more slowly, making shallower transit events especially hard to detect. Their wide

orbital geometries naturally lead to lower transit probabilities, reducing the number of expected
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events in a given search sample. RV measurements, which are complementary to transit observa-
tions, are also hindered by wider orbits. The signal amplitude shrinks and it takes longer to cover
a full orbit.

Despite and because of these challenges, there is real value in improving our catalogue of
longer-period planets with their cooler equilibrium temperatures (Fortney et al., 2020). Due to
these biases and accompanying investment required to study them, long-period planets tend to fall
by the wayside and become underrepresented in exoplanet catalogues. Orbital periods of about 50
days mark a notable boundary in our confirmed planet databases. Given that every planet in our
own solar system orbits with a period > 50 days, the restriction to our known exoplanet population
is quite staggering. By confirming and cataloguing these wide-orbit planets we build up our
understanding of the physical and orbital characteristics within this sparsely measured population.

Though they are few in number, our solar system giants provide detailed data on large cold
planets, even allowing in-situ measurements (e.g. the Galileo Entry Probe; Niemann et al., 1998).
Hot, giant, transiting exoplanets also comprise a high-quality data set due to their large sample
size and relative ease of detection. Temperate transiting planets in between these extremes require
particular effort to observe due to their adverse observational biases. However, diligent confirmation
studies can still accomplish precise measurements of radius, mass, and orbital structure. These
studies provide information to better understand the long-period planets as individuals, and as a
population.

Another advantage of these cool giants is that they are more directly comparable to our well-
studied cold solar system giants in that they do not exhibit the hot-Jupiter radius anomaly (Miller &
Fortney, 2011; Thorngren et al., 2016). The relative simplicity of modeling them acts as a valuable
control group for understanding hot-Jupiter inflation. Though RV surveys have measured masses for
many cool/cold (Teq < 500 K) planets, few of them exhibit transits and few of those have reasonably
bright hosts, severely limiting their potential for atmospheric characterization. It is a challenge to
create generalized chemical or structural atmospheric models that can span the broad temperature
range of the giant planet population without having a solid testing ground in the intermediate range
(Gao et al., 2021). Chasing down the longest-period targets in the TESS sample helps bridge this
gap (e.g. Dalba et al., 2022). In terms of atmospheric chemistry, the cooler atmospheres may
contain disequilibrium by-products that would serve as valuable probes of atmospheric physics
(Fortney et al., 2020). Spectroscopic endeavours can use these lower-insolation targets to tease
apart the composition transition between the very cold and very hot giant planet atmospheres.

Stellar insolation can also have many complex effects on a planet’s atmosphere. The question
of X-ray and ultraviolet (XUV)-driven mass loss frequently arises in the context of the super-Earth
and sub-Neptune populations (Owen & Wu, 2013; Dong et al., 2017; Mordasini, 2020). Irradi-
ation levels are also important for general structure and evolution models as well as atmospheric
circulation and photochemistry in cool planets (Horst et al., 2018). Insolation ought to push the

radiative—convective boundary deeper, but also seems to drive the radius anomaly which pushes the
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boundary back up along with the planet radius (Thorngren et al., 2019). Given the inverse-square
law of stellar irradiation, wider-orbit planets will be significantly less affected by XU V-driven mass
loss, preserving more of their primordial composition. Building a sample of planets with reduced
insolation will help with the creation of more broadly applicable planetary models.

Long-period planets also provide test cases for system dynamics. Models describing the
formation and migration processes thought to be responsible for the hot-Jupiter population are
generally of two categories: protoplanetary disk torques (Goldreich & Tremaine, 1980; Lin &
Papaloizou, 1986; Ward, 1997; Baruteau et al., 2014) or high-eccentricity migration (Rasio & Ford,
1996; Wu & Murray, 2003; Nagasawa et al., 2008; Wu & Lithwick, 2011). With the end products
often being very similar, knowledge of intermediate-separation transiting planets, their companions,
and their environments will help distinguish between these types of models. Transit and RV surveys
are always biased against long-period planets, so filling out the eccentricity distribution of long-
period giants still requires additional effort (e.g. Dalba et al., 2021). Obliquity measurements
(using either the RM effect or Doppler tomography) have also been done almost exclusively on
short-period giants thus far.

Table 4.1. Host Star Information

Parameter  Value Source
TESS ID TOI-2010 [1]
TIC ID TIC 26547036 [1]
Gaia ID 2136815881249993600  [2]
@ 19"28™40.07° [2]
§ +53929m14.53¢ [2]
mp 10.48 [3]
my 9.85 [3]
meg 9.70 [2]
my 8.66 [4]
my 8.34 [4]
mg 8.28 (4]
Spectral type FO [5]
Parallax [mas] 9.2219 + 0.0107 2]

I ExoFOP; doi: 10.26134/ExoFOP5
2 Gaja Collaboration (2020)

3 Hgg et al. (2000)

4 Cutri et al. (2003)

3> Simbad; doi:10.17616/R39W29
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TOI-2010 (details in Table 4.1) was flagged as containing a transiting planet candidate after
a single transit was detected on 2019 August 16. The transiting body, designated TOI-2010.01,
did not exhibit a retransit in the remainder of TESS’s primary mission. In this manuscript we
confirm and characterize its planetary nature, and so we will hereafter refer to it by the designation
TOI-2010b in accordance with standard planetary nomenclature. Its initial single-transit status
inspired an intensive RV campaign which constrained the period well enough to make feasible a
photometric search for a second transit. While both of these efforts were successful, a much later
TESS sector fortuitously revealed an additional transit during the late stages of this manuscript
preparation, confirming our findings and providing even tighter parameter determination.

We present the various data and observations that contributed to this planet confirmation in
Section 4.2. We then describe the various analyses carried out to characterize the star, planet, and
system as a whole in Section 4.3. Sections 4.4 and 4.5 contain descriptions and discussion of our

findings, respectively. Finally, a brief summary of the entire study is presented in Section 4.6.

4.2. Data and Observations

Numerous observations of this planet candidate were made by the TESS follow up Observing
Program (TFOP). Some of them are overlapping in their coverage or scope, and many were
intermediate steps of target validation used to green-light more intensive observations. We list all
the contributions in the subsections below for completeness and recognition, but note that not every
data set is included in the analysis that follows.

4.2.1. Discovery and sky-monitoring photometry

TESS:

In the early stages of the preparation of this manuscript, TOI-2010 had been observed at 2
minute cadence for Sectors 14, 15, 16, and 40 and the image data were reduced and analyzed by
the Science Processing Operations Center (SPOC; Jenkins et al., 2016) at NASA Ames Research
Center. A single transit was detected at the beginning of Sector 15 using an adaptive, wavelet-based
matched filter (Jenkins, 2002; Jenkins et al., 2010, 2020) on 2019 September 21. The signal was
also independently discovered by the Visual Survey Group (Kristiansen et al., 2022) around the
same time and forwarded to the attention of the TESS Single Transit Planet Candidate (TSTPC)
working group for follow up. It was alerted by the TESS Science Office as a Community TOI
(CTOI) on 17 June 2020. This single transit event, though unambiguous due to its high SNR, posed
a validation challenge due to its lack of period constraint.

During the late stages of manuscript preparation, TESS reobserved TOI-2010 in Sectors 54,
55, and 56 as part of its extended missions. An additional transit was detected in the Sector 56
light curve and included in our final analysis. A search by the SPOC of Sectors 14-56 reported

a difference image centroiding result (Twicken et al., 2018) constraining the host star location to
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Fig. 4.1. PDCSAP data of the TESS transit detection in Sector 15 (left) and Sector 56 (right).
Sector 15 was imaged with a 120 s cadence, while Sector 56 included a 20 s cadence. All bins are
60 minutes.

within 2”54 + 279 of the difference image centroid. This is in agreement with the low contamination
by reported nearby Gaia stars.

We acquired the Pre-search Data Conditioning Simple Aperture Photometry (PDCSAP; Stumpe
et al., 2012, 2014; Smith et al., 2012) flux data from the Milkuski Archive for Space Telescopes
(MAST) for the 2 minute Sector 14, 15, 16, and 40 data (doi: 10.17909/t9-nmc8-f686) and the 20 s
Sector 54, 55, and 56 data (doi: 10.17909/t9-st5g-3177).

Before applying any light curve fitting, we use the 1ightkurve (Lightkurve Collaboration et al.,
2018) software package’s built-in £latten routine to remove any remaining PDCSAP variability.
This applies a Savitzky—Golay filter (Savitzky & Golay, 1964) to the light curves, fitting a low-
order polynomial to a rolling subset of the data to remove low-frequency trends. The transit regions
were masked during this process and the subset windows were chosen to be longer than the transit
duration. We apply the same flatten routine to the 20 s cadence Sector 56 TESS data, applying an
additional rolling sigma-clip routine (30 from the median in a window of +100 minutes) to remove
outliers. The portions of the flattened light curve containing the transits and used for analysis are
shown in Figure 4.1.

With the current Year 5 plan for the TESS mission, there are no scheduled visits to this region
of the sky after Sector 56.

WASP:

The field containing TOI-2010 was observed by the Wide Angle Search for Planets (WASP)
transit-search survey (Pollacco et al., 2006) from 2008 to 2010. In each year the observing season
spanned ~ 130 nights, with the SuperWASP-North camera array observing the field on clear nights
with a typical 15 minute cadence. A total of 32 000 photometric data points were obtained using

200 mm, f/1.8 Canon lenses backed by 2kx2k CCDs. TOI-2010 is the only bright star in the 48"
extraction aperture.
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The WASP data are dominated by systematics and red noise. While the transit depth is likely
sufficient to show up in the WASP light curves, the survey mission relies on multiple repeated
events to distinguish transits from noise. As a single-transit target at the time, WASP did not detect
any events on the target. Even with the benefit of hindsight and a firm orbital ephemeris, the WASP
coverage only overlaps with one predicted transit. The 4 hr span of data lies in the middle of a 8.7 hr

transit, and the light curve shows no convincing transit-like features.

Table 4.2. Stellar parameters from independent spectral instruments/measurements

Parameter =~ HIRES NRES TRES Units
Tert 5917+75 5860+100 5795+50 K
log g 441249009 45+0.1  4.42+0.10

[Fe/H]  0.169700%  0.23+0.06 0.22+0.08

M, 110770050 1.139 +0.049 - Mo
R, 1.084*0078 1,106 + 0.074 - Ro
v siniy <23 <44 <48  kms!

Note: v sini, values become challenging to constrain when at the few km
s~! level as many line-broadening mechanisms are simultaneously at play
on this scale (e.g. macroturbulence). We therefore treat spectral estimates

as upper limits.

4.2.2. Candidate vetting

Once established as a TOI, a number of vetting observations were undertaken. They were used
to search for false positive indications, and to assess the target’s suitability for further follow up
observations.

Keck/HRIES Spectra:

We obtained a spectrum of TOI-2010 with the High Resolution Echelle Spectrometer (HIRES;
Vogt et al., 1994) on the Keck I telescope at W. M. Keck Observatory to explore false positive
explanations for the single-transit event, to assess the quality of the host as a target for Doppler
spectroscopy, and to conduct a basic spectral characterization of the host. Initial processing of
the spectrum with SpecMatch-Emp (“Emp" indicating the “Empirical" flavour of the code; Yee
et al., 2017) determined the stellar parameters. The results, along with the star’s bright magnitude
indicated that it would likely be a suitable target for Doppler spectroscopy.

This Keck/HIRES measurement was taken under excellent seeing conditions and produced a
spectrum with SNR ~ 200. Given this data quality it was used as the template spectrum with which
the Levy RV measurements were extracted (see Section 4.2.3). Similarly, we favour the Keck/HIRES
extracted stellar parameters over those from LCOGT/NRES and FLWO/TRES (Section 4.2.2) due
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to the quality of the spectrum, though we note the close agreement of most parameters. Table 4.2

provides a comparison of these stellar parameters.

LCOGT/NRES Spectra:

We scheduled spectroscopic observations for TOI-2010 on the Las Cumbres Observatory Global
Telescope (LCOGT; Brown et al. (2013)) Network of Robotic Echelle Spectrographs (NRES; Siverd
et al., 2018). NRES comprises four identical echelle spectrographs in different observatories,
covering a range of longitudes in the Northern and Southern Hemispheres. The resolving power of
the echelle spectrographs is R ~ 53,000 covering the wavelength range 3900-8600 A. We obtained
four good-quality (SNR 18-56) spectra with the NRES unit at the Wise Observatory between 2020
June 19 and 28. We used the BANZAI-NRES pipeline (McCully et al., 2022) to reduce the spectra
and extract RVs, and the SpecMatch-Synthetic code for the stellar parameterization (Petigura,
2015; Petigura et al., 2017).

While the NRES observations provided helpful early vetting of the system, we have chosen to
exclude the four RV measurements from the analysis due to their much lower precision (>20ms™!).
The derived stellar parameters are generally in close agreement with the Keck/HIRES values
(Table 4.2).

FLWO/TRES Spectra:

Three reconnaissance spectra of TOI-2010 were obtained on 2020 July 9, 18, and 27 with
the Tillinghast Reflector Echelle Spectrograph (TRES; Firész, 2008). TRES is an optical (390—
910 nm) spectrograph with a resolving power of R ~ 44 000 mounted on the 1.5 m Tillinghast
Reflector telescope at the Fred Lawrence Whipple Observatory (FLWO). The spectra, with SNR
in the range of 25-35, were extracted using the TRES standard pipeline (Buchhave et al., 2010)
and the stellar parameters were derived using the Stellar Parameter Classification (SPC; Buchhave
etal., 2012, 2014) tool. SPC cross correlates the observed spectra against a grid of synthetic spectra
based on Kurucz atmosphere models (Kurucz, 1992) deriving stellar effective temperature, surface
gravity, metallicity, and rotational velocity.

In the same sense as the NRES spectra described above, these data were useful in the early
classification of the star and ruling out of false positives, enabling more detailed measurements to
be carried out. The FLWO/TRES stellar parameters are also generally in close agreement with the
Keck/HIRES analysis (Table 4.2).

Gemini-N/‘Alopeke Imaging:

Using the ‘Alopeke instrument mounted on the Gemini-North telescope we acquired high-
contrast imaging of TOI-2010 on 2020 June 7 (Program ID: GN-2020A-Q-132). This observation
was a part of the exoplanet follow up campaign by Howell et al. (2021). With ‘Alopeke’s design,
it can simultaneously capture imagery at both 562 nm and 832nm. The resulting images were
processed using the pipeline of Howell et al. (2011), and the resulting contrast curves are shown in
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Fig. 4.2. Contrast curves from Gemini-N/‘Alopeke speckle image. Curves show the 5o contrast
limit. The faint source in the lower left of the inset image is a previously unresolved neighbour star
not present in the Gaia DR3 catalogue.

Figure 4.2. Due to the clearly superior performance of the 832 nm filter, we use the red contrast
curve for all analyses (e.g. Section 4.3.7).

One previously unknown nearby source was detected, seen in the lower left corner of the
Figure 4.2 inset. This object is separated by 1”5 at a position angle of 138° east of north. Brightness
uncertainty on this neighbour is somewhat elevated as it lies outside the speckle correlation radius
of ~1”72. Speckle decorrelation begins to set in beyond this separation when the rays do not
pass through the same atmospheric path. Our photometric estimate of the source places it at a
Amag =5 +0.5.

This source is not to be confused with the neighbouring Gaia star discussed further in Section 4.4.
The Gaia source lies at a separation of 1”79 and a position angle of 33° east of north, beyond the
field of view of our ‘Alopeke image. The 1”5 source found in our ‘Alopeke image does not appear
in Gaia’s DR2 or DR3 catalogues.

4.2.3. Radial velocities

The reconnaissance spectra from Keck/HIRES, LCOGT/NRES, and FLWO/TRES were able to
place sufficient constraints on the stellar parameters to identify TOI-2010 as a suitable candidate
for precise RV measurements. We collected a total of 110 RV measurements (Figure 4.3, values
in the Appendix) to make up our combined RV data set. These measurements come from three
separate instruments, span 992 days, and uniformly sample the phase space of the 142 day periodic

signal that stands out in the data.
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Fig. 4.3. RV coverage of 110 measurements spanning ~2.7 yr uniformly samples the full phase of
the planet’s orbit. A small residual acceleration remains after the removal of the planet’s Keplerian
signal.

Levy:

In February of 2020 (BJD 2458887), we began to gather spectra on the target for RV mea-
surements. We started with the Levy spectrograph installed on the 2.4 m Automated Planet Finder
(APF) telescope at Lick Observatory in California, acquiring 70 spectra over a 2 year period, carried
out by the dynamic queue scheduler (Burt et al., 2015). The Levy spectrograph is a high-resolution
(R ~ 114 000) slit-fed optical echelle spectrometer (Radovan et al., 2010) that has previously been
used to refine the orbital period and mass of single-transit planet candidates identified by TESS
(e.g., Dalba et al., 2022). We gathered spectra with exposure times of 20—25 minutes (mostly 25),
achieving signal-to-noise ratio (SNR) values of 50-100 at around 550 nm. An iodine cell in the
light path allows for wavelength calibration and the forward modeling of the stellar RV for each
spectrum (Butler et al., 1996; Fulton et al., 2015). This forward modeling process relies on having
a high-SNR spectrum that is used as a template. The HIRES spectrum described in Section 4.2.2,
which had a SNR of roughly 200, was used to create this template spectrum for the extraction of
the Levy RVs which were obtained with uncertainties of 4—7 ms~!.

We look for correlations in the log R}, activity index (computed from the S-index using
PyAstronomy routines) with RVs to determine if stellar activity may be biasing the measurements.
We determine a correlation coefficient of 0.10 + 0.05 and a p-value of 0.43 + 0.23, indicating no

evidence of correlation.

Tull:
We also gathered high-precision RV observations at the McDonald Observatory using the Tull
coudé spectrometer 2 (TS2) on the 2.7m Harlan J. Smith Telescope (Tull et al., 1995). This
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cross-dispersed echelle white-pupil spectrometer was used in its “TS23" mode (indicating the third
focus) with an entrance slit of 172 x 8”2, giving a spectral resolving power of R = 60 000 over most
of the visible spectrum. A temperature-stabilized I, gas absorption cell in front of the spectrograph
entrance aperture provided the velocity calibration. An exposure meter recorded the time series of
flux entering the spectrograph, enabling us to compute the flux-weighted barycentric correction.
A wave front sensor was used for telescope focus to optimize pupil illumination stability and
throughput. We obtained the measurements with 20-30 minute exposures, achieving an SNR per
pixel of 62-96 (mean ~ 75). The spectra are recorded on a 2048 x 2048 pixel Tektronix CCD.
All spectra were reduced and 1D spectra were extracted using standard IRAF routines (Tody, 1993,
1986). In all, a total of 16 spectra of TOI-2010 were obtained between 2020 December 8 and
2022 October 26. RVs were computed using the AUSTRAL code (Endl et al., 2000), resulting in
uncertainties of 9—12ms™!.

We conduct a similar activity—RV correlation search as was done with the Levy, resulting in a
coefficient of 0.02 + 0.20 and a p-value of 0.59 + 0.26 for Tull. Again, there is no indication of RV

correlation.

SOPHIE:

We started observing TOI-2010 with the Spectrographe pour 1’Observation des Phénomenes
des Intérieurs stellaires et des Exoplanetes (SOPHIE) in July of 2020, securing 25 spectroscopic
measurements up to September of 2022. SOPHIE is a stabilized échelle spectrograph dedicated to
high-precision RV measurements in optical wavelengths on the 193 cm Telescope at the Observa-
toire de Haute-Provence, France (Perruchot et al., 2008; Bouchy et al., 2009). We used the SOPHIE
high-resolution mode (resolving power R = 75000). Depending on the weather conditions, the
exposure times ranged from 11 to 30 minutes (typically 18 minutes) and their SNR per pixel at
550 nm ranged from 24 to 55 (typically 46). The corresponding RVs were extracted with the stan-
dard SOPHIE pipeline using cross-correlation functions (Bouchy et al., 2009) and including CCD
charge transfer inefficiency correction (Bouchy et al., 2013). Following the method described, e.g.,
in Pollacco et al. (2008) and Hébrard et al. (2008), we estimated and corrected for the moonlight
contamination using the second SOPHIE fiber aperture, which is targeted on the sky while the first
aperture points toward the star. We estimated that four of the 25 spectra were significantly polluted
by moonlight; one of which was too contaminated and was excluded. The other three contaminated
measurements were corrected, with corrections below 20 ms~'. Thus our final SOPHIE data set
included 24 measurements showing RV uncertainties ranging 3-9ms~!.

SOPHIE log R}, activity measures similarly show no correlation with RV values. We determine
a correlation coefficient of 0.22 + 0.14 and a p-value of 0.38 + 0.27.
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Fig. 4.4. A week-long observation by NEOSSat. Gaps in the light curve are due to Earth eclipse
and other necessary telescope operations. The star was imaged with a cadence of 23 s while on
target. Displayed bins are 60 minutes. 7op: A KEPLERSPLINE fit to the out-of-transit region to
model systematics (discussed in Section 4.3.3). Middle: The transit fitted to the corrected light
curve. The dashed purple curve shows relative probability of the expected transit based on the

RV-derived period constraints available at the time of observation. Bottom: Residuals of the transit
fit.

4.2.4. Follow up photometry

The collective RV campaign was able to map out a clear planetary signal, but the period
uncertainty was only constrained to the order of a few days. This was insufficient for reliable
scheduling of transit observations, so we undertook a few efforts to catch a subsequent transit and
fine-tune the period.
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GMU:

We observed TOI-2010 with the George Mason University Observatory’s 0.8 m Ritchey—
Chretien telescope on the nights of the 2021 July 21 and 22 to capture a second transit. We
imaged in R with an SBIG-16803 CCD with exposure times of 30 s repeated for a duration of ~5
and 2.5 hr each night, respectively. Both nights were impacted by intermittent clouds, and single
measurement precisions of 6.5 and 7.5 ppt were obtained per 30 second exposure. Data was reduced
and plate-solved using a custom python code alnitak! and aperture photometry, reference star
selection, and systematic detrending were performed with AstroImage] (Collins et al., 2017c).

This attempt was prompted due to a predicted transit (from preliminary RV fits) occurring very
near the end of TESS Sector 40, and motivated by an absence of TESS coverage in Sector 41.
Unfortunately, no transit was detected on either night. Given the broad transit timing uncertainty
at the time, the narrow available observing windows, and the very long transit duration, the odds
of detecting the transit here were quite low. Unbeknownst at the time, the transit occurred 1.8 days
after the second observation. These data provided initial constraining power for refining the RV
period, but do not benefit the global orbital model. As such, they are not included in the modeling
of Section 4.3.

NEOSSat:

The Near-Earth Object Surveillance Satellite (NEOSSat) is a small spacecraft operated jointly
by the Canadian Space Agency (CSA) and Defence Research and Development Canada (DRDC).
It has a 15 cm telescope aperture and is capable of precision relative photometry (Abbasi et al.,
2019). NEOSSat’s clear-filter effective bandpass is approximately 400-900 nm.

As the RV data accumulated, preliminary joint fits (see Section 4.3 for details) of the RVs
and TESS sector 15 transit revealed a roughly 142 day period, albeit with broad uncertainties.
The extended transit duration (~8.7 hr), wide timing uncertainty (on the order of a week), and
long period made observing a subsequent transit from the ground extremely challenging. While
NEOSSat had previously proven its capability with short-period exoplanet follow up (e.g., Fox
& Wiegert, 2022), TOI-2010b marked the first attempt at using the instrument to recover a long
and uncertain period. With its space-based vantage point, NEOSSat has the capability to stare
continuously at a target for an extended duration, interrupted only by Earth-eclipse events and
technical satellite operations. In mid-December of 2021 we employed NEOSSat to observe a ~6
day (20-) window around the predicted transit. The telescope imaged TOI-2010 as continuously as
was feasible during this time.

We reduced the raw images and extracted aperture photometry using a custom python pipeline
developed for NEOSSat, available on GitHub.?2 With photometry in hand, we applied a principal
component analysis (PCA) procedure to the raw photometry using other in-frame stars as reference

thttps://github.com/oalfaro2/alnitak
2https://github.com/jasonfrowe/neossat
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to calculate a normalized relative flux light curve of the target. The PCA process removes time-
varying trends in the photometry that are common across many stars in the frame. At this point
there remained some residual variability for which the PCA could not account. This low-frequency
variability was removed using a spline fit (discussed in Section 4.3.3). Even against this variability
the deep transit event was clearly visible roughly 15 hr after the RV-predicted midpoint (well within
the 3 day, 1o timing uncertainty).

This detection by NEOSSat provided the first precise period measurement for TOI-2010 b, and
prompted the preparation of this manuscript. The much later transit detected in TESS’s Sector 56
data agrees completely with the refined period. The NEOSSat light curve is displayed in Figure 4.4.

4.3. Analysis

As the RV campaign progressed, we made preliminary fits using the TESS light curve and
the available RV data to place initial constraints on the orbital period. This allowed us refine the
ephemeris enough to plan our follow up search for a subsequent transit event. Once they became
available, the additional transit detections (NEOSSat and TESS Sector 56) allowed for much more
precise period determination.

For our final global fit, we use the IDL software package EXOFASTv2 (Eastman et al., 2019).
EXOFASTv2 provides an integrated framework to jointly analyze multiple exoplanet data sets.
Drawing from the IDL astronomy library (Landsman, 1993), it simultaneously fits for wide ranges
of stellar, planetary, orbital, and instrumental parameters in a self-consistent manner that leverages
the rich complementarity of modern data sets.

The details listed below in Sections 4.3.1-4.3.3 pertain to the final fit, including archival SED
measurements; RVs from Levy, Tull, and SOPHIE; and light curves from the initial TESS Sector 15
transit, the subsequent NEOSSat detection, and also the much later Sector 56 detection by TESS.
The parameter posterior results are listed in Table 4.3. The fits converged fully by two different
statistics: the Gelman—Rubin statistic, Rz, and the number of independent samples, Tz. We set
very stringent thresholds of Rz < 1.01 and Tz > 1000. We provide a brief description of the steps
involved, but for precise details on the internal operations of EXOFASTv2 please consult the primary
paper by Eastman et al. (2019).

Beyond EXOFASTv2, we conduct several other independent analyses. We model the bulk
metallicity of planet b with a custom software, and we analyse the photometric modulation of TOI-
2010 to assess the stellar rotation. In discovering a slight acceleration across the RV measurements,
we also conduct a search of mass—orbit parameter space to determine what type of additional

companion could be the cause.
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4.3.1. EXOFASTv2: SED/MIST stellar modeling

EXOFASTv2 fetches archival photometry from Galaxy Evolution Explorer (GALEX; Bianchi
et al., 2011), Tycho-2 (Hgg et al., 2000), UCAC4 (Zacharias et al., 2012), APASS (Henden et al.,
2016), the Two Micron All Sky Survey (2MASS; Cutri et al., 2003), the Wide-field Infrared Survey
Explorer (WISE; Cutri et al., 2021), Gaia (Gaia Collaboration et al., 2016), the Kepler INT Survey
(Greiss et al., 2012), the UBV Photoelectric Catalog (Mermilliod, 1994), and the Stroemgren—
Crawford uvbyp photometry catalog (Paunzen, 2015), as well as extinctions from Schlegel et al.
(1998b) and Schlafly & Finkbeiner (2011) and parallaxes from Gaia DR2 (Gaia Collaboration
et al., 2018). Allowing photometric uncertainties to be inflated in case of underestimation, it then
fits an SED model to this archival photometry using the parallax value and a library of stellar
atmospheres. The stellar physics are constrained from either the empirical relations laid out by
Torres et al. (2010b), the Yonsie Yale stellar evolutionary models Yi et al. (2001), or the MIST
evolutionary models (Choi et al., 2016; Dotter, 2016), which itself is built using MESA (Paxton
et al., 2011, 2013, 2015, 2018). Stellar atmospheric models from NextGen (Allard et al., 2012)),
ATLAS (Kurucz, 1979), and PHOENIX (Hauschildt et al., 1997) underlie several aspects of the
code.

We are able to impose Gaussian priors on the stellar effective temperature (7eg) and metallicity
([Fe/H]) in the fit, originating from the Keck/HIRES spectra (Table 4.2). The Fy,o and Teg parameters
have enforced error floors representative of the systematic uncertainties between stellar evolution

models to prevent unrealistic precision (2.0% and 2.4%, respectively; Tayar et al., 2022).

4.3.2. EXOFASTv2: RV modeling

The multiple instrument RV data sets are simultaneously fit to a Keplerian model, retaining
separate jitter and systemic offset terms. We measured typical log R}, - activity index measures of
—5.1 to —4.7 that were uncorrelated with RV values. This activity level could induce stellar jitter up
to ~10ms~!, but is unlikely to affect the derived parameters given such a strong planetary signal.

Within EXOFASTv2 the exoplanet mass radius relation from Chen & Kipping (2017) can be
referenced to estimate the mass or radius of the exoplanet (and all relevant derived parameters) in
the absence of an RV data set or transit, respectively. In this case, however, the RV data constrain
the mass while the transit data constrain the radius.

A single long-term linear drift parameter is included in the model. We have excellent temporal
overlap of the data across instruments, so there is no large correlation between the trend parameter
and systemic RV offset parameters. The fitted RV model is shown in Figure 4.3.
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4.3.3. EXOFASTv2: Transit modeling

EXOFASTv2’s transit model is generated using Mandel & Agol (2002) and Agol et al. (2019)
with limb-darkening parameters constrained by Claret & Bloemen (2011) and Claret (2017). We
pass it the TESS coverage of the initial Sector 15-detected transit, a stretch of flat light curve from
a Sector 40 that narrowly missed another transit, as well as the later detection in Sector 56. We also
include the entire 6 day NEOSSat light curve with its detection. Limb-darkening parameters and
transit depths are allowed to differ between instruments. Each instrument also gets its own jitter
parameter and out-of-transit offset value. We impose no additional transit-specific priors for this
portion of the fit. The period and other orbital element constraints arise from a simultaneous fit of
the transit and RV data.

We incorporate a spline fit in the EXOFASTv2 modeling of the NEOSSat data, based on the
keplerspline3 (Vanderburg et al., 2016) designed to handle long-term variability in long Kepler
light curves. We used a knot spacing of 1.1 days (roughly 3x the transit duration) to model the

low-frequency variation.
4.3.4. Bulk planetary composition

To infer the bulk composition of the planet, we use the modeling and retrieval approach of
Thorngren & Fortney (2019), which we will briefly summarize. Forward models parameterize the
thermal state of the planet by the envelope specific entropy, which we evolve from a hot initial state
using the atmosphere models of Fortney et al. (2007). This requires that we know the radius and
temperature structure of the planet at a given specific entropy. We calculate this using a 1D static
model of the planet which solves the equations of hydrostatic equilibrium, conservation of mass,
and the equation of state (EOS). We use the H/He EOS from Chabrier et al. (2019), and a 50/50
rock/ice mixture for the metals (Thompson, 1990), combining these using the additive volumes
approximation. For a given mass, metallicity, and stellar insolation, this yields evolution tracks of
the radius with time. To match these models to TOI-2010b, we use a Bayesian statistical model
with the true mass, bulk metallicity, and true age as model parameters and fit them against the
observed mass, radius, and age from the EXOFASTv2 fit (Table 4.3). Because TOI-2010b is much
cooler than the hot-Jupiter inflation threshold (e.g. Miller & Fortney, 2011), we do not include any

additional heating in the planet.
4.3.5. TESS light curve modulation

Even in the PDCSAP TESS data, with a degree of its systematics removed, we noticed some
low-level variability. As a secondary measure of stellar rotation we looked at the star’s long-term

light curve modulation. A simple normalization was applied in order to concatenate the TESS 2

3https://github.com/avanderburg/keplerspline
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minute cadence SAP light curves from Sectors 14, 15, and 16. Data points that were flagged as poor
quality, greater than 5o outliers, or during the TOI-2010 b transit were removed. Stitching together
multiple sectors of observations (even when observed continuously) can introduce systematics
into the concatenated light curve that could produce a spurious signal in a periodogram search.
Therefore, we searched for periodic photometric variability using the TESS systematics-insensitive
periodogram tool, TESS-SIP4 (Hedges et al., 2020), which uses PCA to account for spacecraft
systematics while simultaneously performing a periodogram search. In the periodogram search
from 1 day to half the baseline of the continuous TESS observations (which are ~32 days), we
identify a periodic signature in the light curve at 19.0 + 3.0days, albeit at a low normalized
Lomb—Scargle power (<0.001). Assuming a small stellar obliquity, this 19 day signal corresponds
to a ~2.8 kms~! stellar rotation rate, in general agreement with the spectroscopic estimates (see
Table 4.2). A short-period periodogram search (0.01-13 days) was also performed separately on the
PDCSAP photometry from Sectors 14, 15, and 16 following the procedure described in Fetherolf
et al. (2023). A small-amplitude (< 0.2 ppt), 5.7 day signal was identified in the TESS photometry
but we note this is consistent with being attributed to spacecraft systematics due to its location in
power—period space relative to other stars in these TESS sectors. With its low SNR and similarity
to known systematics, we do not consider this signal physically relevant.

4.3.6. WASP light curve modulation

We searched each season of WASP data for a rotational modulation using methods discussed
in Maxted et al. (2011). We find a significant and persistent modulation at a period of 20 + 1
days. The modulation is weak, with an amplitude of only 1-2 mmag, but the overall false-alarm
likelihood is below 1%. This closely matches the TESS photometric modulation, and also likely

reflects a stellar rotation rate of ~2.8 km s~!.
4.3.7. Mass—orbit possibilities for an additional companion

A small residual acceleration is detected in the collective RV data. To constrain potential objects
on very long orbits that could cause this acceleration, we adopt the process described in Bryan
et al. (2016). In essence, we step through a 2D grid of semi-major axes and object masses. In each
cell, we draw a set of planet b parameters from our fitted posteriors of Table 4.3, generating an RV
model. This model is subtracted from the RV measurements to reveal a residual slope. A model
for object 2 is created by drawing M and a values from the current cell, and i and e values from
motivated distributions. In this case, i is drawn randomly from a uniform cos i distribution and e
from a g distribution (eq. 3 of Bryan et al., 2016). The remaining T, Tperi, and w parameters are
determined by fitting the drawn object 2 model to the residuals, as well as an RV offset. The offset
accounts for any change to the assumed systemic velocity caused by the second object.

4https://github.com/christinahedges/TESS-SIP

115



Arcseconds
0.01 0.03 0.10 0.30 0.50 1.00 2.00
—T11.0

______

o
o

Mass [M/]
Relative Probability

I
N

0.2

0.0
10 20 50 100 200 300

Semi-maijor axis [au]

Fig. 4.5. Constraints on a potential second bound body in the system creating the observed long-
term RV acceleration, assuming the objects are at the same distance as TOI-2010. Small-orbit limits
are provided by the long baseline over which the gradual acceleration occurs. Green contours show
the 0.607, 0.135, and 0.011 relative probability levels, corresponding to the 1, 2, and 30 probability
density values of a normal distribution. White contours show the 25%, 50%, and 75% detection
probability levels (from bottom to top) set by the Gemini-N/‘Alopeke contrast curve. Contours are
smoothed by a Gaussian kernel with a standard deviation of one cell. Red and cyan points in the
top right corner indicate the ‘Alopeke-discovered (175) and Gaia (1”9) close neighbour stars.

This process is repeated 500 times per cell. For each cycle, the y? is calculated and stored, as
well as the probability that the object is visible. This probability is based on the inferred magnitude
of the object and the fraction of its orbital period that it would spend at a detectable separation from
the host, set by the Gemini-N/‘Alopeke contrast curve (Figure 4.2). The data cubes are marginalized
over the third axis to create a 2D probability density grid over the object’s a and M. These results
are displayed in Figure 4.5.

With the allowable mass—orbit space mapped out, we investigate the potential for the known
nearby stars to cause the acceleration. The plotted mass uncertainties for the two nearby sources
in Figure 4.5 reflect the magnitude uncertainty of the source only. They do not account for the
intrinsic uncertainty of the precalculated stellar evolution gridss (Baraffe et al., 2015) from which
they were interpolated.

To place a tentative uncertainty on the semi-major axis of the neighbouring stars (under the

assumption they are bound), we follow the steps of Brandeker et al. (2006, Appendix A2) given an

Shttp://perso.ens-lyon. fr/isabelle.baraffe/BHAC15dir/
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observed projected separation, unknown orbital orientation, and assumed eccentricity distribution.
We do not adopt their analytic approximation (Equation (A2)) which roughly matches the numerical
distribution arising from a simple f(e) = e? eccentricity distribution, but instead carry out the full
Monte Carlo approach to create a nonanalytic distribution. We use f(e) = e* where e € [0,0.8]

is extracted from the observation of binaries with Sun-like primaries (Moe & Di Stefano, 2017).

Table 4.3. Median values and 68% confidence interval for TOI2010, created using EXOFASTv2
commit number 96030ceb.

Parameter Units Values

Stellar Parameters:

M, . Mass (Mg)............. 1.112+0.0%
Ry ... Radius (Ro) ............ 1.079*9.027
Ry sED Radius' (Ro)............ 1.0753+:90%
Ly. Luminosity (Le) .......... 1.299+0.083
Fpol Bolometric Flux (cgs) ........ 0.00000000354+0, 00000000023
Pscrvnn Density (cgs) ............ 1.243f%.%8876
log g Surface gravity (cgs)......... 4.417°0,9°L
Ter Effective Temperature (K) ...... 5929 + 74
Tefr SED - - Effective Temperatulre1 K)...... 5950+ 110
[Fe/H] .. Metallicity (dex) .......... 0.168 + 0.055
[Fe/H]o..  Initial Metallicity? ......... 0.154+0.054
2.2
Age.... Age (Gyr) ...ooovninn.. 1.977%
EEP Equal Evolutionary Phase’ ...... 33542
Ay V-band extinction (mag)....... 0.210*%:97%
: 0.23
OSED SED photometry error scaling .. .. 0.72%545
w..... Parallax (mas)............ 9.237 +0.017
d..... Distance (pc) ............ 108.26 +0.20
. 4 0.0055
Voo RV slope” (m/s/day)......... 0.0185™ ey
Planetary Parameters: b
: 0.000065
P..... Period (days) ............ 141.834025% 5"\ o0cs
Rp Radius (Ry)............. 1.054 + 0.027
Mp . Mass (My) .oovvenn... 1.286*9.0>
Tc..... Time of conjunction’ (BJDrpa). . .. 2458712.30168+0,00042
a..... Semi-major axis (AU) ........ 0.5516%0,0078
; it o6 0.064
I..... Inclination® (Degrees) .. ...... 89.903":0'059
L 0.022
e..... Eccentricity ............ 0.21275557
Wy Argument of Periastron (Degrees). . . 98.8%4%
T.q Equilibrium temperature’ (K).. ... 400.2*35
Teire Tidal circularization timescale (Gyr) . 3980000f9719%%%%
K.. ... RV semi-amplitude (m/s)....... 47.8+1.5




Rp/R, .. Radius of planet in stellar radii . ... 0.10035t%"%%%‘§37
a/Ry ... Semi-major axis in stellar radii . ... 109.8*22
S (Rp/RW)? oo 0.010069+0-000087
ONEOssat--  Transit depth in NEOSSat (fraction). . 0.01284+0.000%0
OTESS - - - Transit depth in TESS (fraction) . . . 0.01160 + 0.00011
: : 0.0013
T.oo... Ingress/egress transit duration (days) . 0.03363:)‘00069
Tia ... Total transit duration (days). .. ... 0.3617+0:%012
TrwHM FWHM transit duration (days) . . .. 0.32784*+4:00083
: 0.088
b..... Transit Impact parameter ...... 0.14775 007
bs..... Eclipse impact parameter ...... 0.23’:%'.1135
TS .ot Ingress/egress eclipse duration (days) . 0.0525J:%'_(())%3258
Ts.14.... Total eclipse duration (days) . . ... 0.544+0.927
Ts rwHM - FWHM eclipse duration (days) .. .. 0.491 = 0.025
85.2.5um - - Blackbody eclipse depth at 2.5um (ppm) 0.0094+9.000
05,5.0um - - Blackbody eclipse depth at 5.0um (ppm) 4.75t%j‘63
08,7.5um - - Blackbody eclipse depth at 7.5um (ppm) 32.1t21'_%
oP .. Density (cgs) ............ 1.36t%'_11})
loggp Surface gravity ........... 3.457+00%
0..... Safronov Number .......... 12117458
: 9 -1 -2 0.00030
(F) .. Incident Flux (10° ergs™ ¢cm™) ... 0.00557% 5 o029
Tp..... Time of Periastron (BJDtpg)..... 2458572. 7+ 1.2
Ts..... Time of eclipse (BJDtpg) ... ... 2458780.3?{76
Ta..... Time of Ascending Node (BJDtpg) . . 2458685.2 + 1.1
Tp ... Time of Descending Node (BJDtpg) . 24585955+ 1.1
VelVe oo o 0.809 = 0.018
€COSWx oo e -0.032 +0.018
: 0.022
eSINWx .. e 0.208%57
Mp sini Minimum mass (Mj) ........ 1.286f%.%5557
Mp /M, Mass ratio ............. 0.001107+%,0000%%
d/Ry Separation at mid transit ....... 86.8 £4.2
Pr A priori non-grazing transit prob ... 0'01037t%'.%%%§132;
Prg ... A priori transit prob ......... 0.01268t%%%%6559
Ps.... A priori non-grazing eclipse prob ... 0.006779‘:%%%%{)%8
PsG ... A priori eclipse prob ........ 0.008291+0:90013
Wavelength Parameters: NEOSSat TESS
up ... linear limb-darkening coeff ..... 0.442 £ 0.048 0.271 £0.019
uy ... quadratic limb-darkening coeff . ... 0.301 £ 0.050 0.270 £ 0.027
Telescope Parameters: Levy SOPHIE Tull
Yrel - Relative RV Offset* (m/s) 03+1.3 -15315.8"55  8778.875%
oy RV Jitter (m/s) 7.81%% 4, 9.8+%1 0.0"%1,
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2 H : +18 +46 +68
oy ... RV Jitter Variance 607 % 975 -27%

Light Curve Parameters:

TESS UT 2019-08-16

2 : 0.00000003 1
[0 Added Variance ........... —0.000022669* 50000029
Fy .... Baseline flux ............ 1.000132+0,0000%0

TESS UT 2021-07-23

2 : 0.000000015
ot Added Variance ........... —0.00000004 17500000014
Fy .... Baseline flux ............ 1.000002 + 0.000014

NEOSSat UT 2021-12-15

2 : 0.00000059
oo Added Variance ........... 0.00001984™ 00057
Fy ... Baseline flux ............ 1.0003*+9:907%

TESS UT 2021-09-02

2 : 0.000000060
oo Added Variance ........... 0.000000077:).000000058
Fo ... Baseline flux ............ 0.999961+9-900033

Notes: See Table 3 in Eastman et al. (2019) for a detailed description of all parameters.

! This value ignores the systematic error and is for reference only

2 The metallicity of the star at birth

3 Corresponds to static points in a star’s evolutionary history. See §2 in Dotter (2016).

4 Reference epoch = 2459382.832843.

> Time of conjunction is commonly reported as the “transit time".

® Inclination symmetrically on the other side of 90° is equally valid.

7 Assumes no albedo and perfect redistribution. Calculated at star—planet separation of a. See Table 4.4 for phase-specific

values.

4.4. Results

Based on the results of the global transit, RV, and SED fit, we confirm TOI-2010 b as a temperate
Jovian exoplanet around a Sun-like star. We find TOI-2010b to have a mass of Mp = 1.286%093> pyy

-0.057
and a radius of Rp = 1.054 + 0.027 Ry. It orbits with a period of P = 141.83402570:000% days
and an eccentricity of e = 0.212t8:?)%%. A full list of the fitted and calculated parameters and their

uncertainties are displayed in Table 4.3. We determine that the contribution to the uncertainty of
Mp is almost evenly split between the uncertainties on K and M,, and that the uncertainties of i, e,
and P have a negligible impact.

The reported T¢q of Table 4.3 comes from an assessment using a single representative star—planet
distance. However, with nonnegligible eccentricity, several calculated parameters, Teq included,
are subject to variation with orbital phase. Table 4.4 displays certain of these parameters at four
key points in the planet’s orbit.
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Table 4.4. Orbital information

Parameter  Periastron Apoastron Transit Eclipse  Units

Phase 0.016 0.516 0.000 0479 -
Orbital dist. 0.44 0.70 0.44 0.67 au
Insolation 6.9 2.9 6.8 2.9 Se
Teq 450 363 450 364 K

Note: T¢q calculation assumes no albedo and perfect redistribution.

TOI-2010b’s moderate eccentricity falls in the ~75™ percentile of giant planets with well-
known masses and radii. It is distinctly above the cluster of planets with very low eccentricities,
but not so high as to stand out among the population of high-eccentricity planets.

Between the SED/MIST model fitting within EXOFASTv2 and the spectral analysis from various
instruments, we determine many of TOI-2010’s stellar parameters. In the global EXOFASTv2
posteriors, we see no sign of the bimodality commonly seen between stellar mass and age. This
can arise when a star is slightly evolved and the MIST stellar evolution models experience some
degeneracy near the subgiant branch (e.g. Dalba et al., 2021).

From the Keck/HIRES spectral measurement, we find the stellar radius, mass, and effective
temperature to be R, = 1.084%0-028 p a1, = 1.10719-030 a7 and Tog = 5917 + 75 K, respectively.

~0.027 ~0.057
TOI-2010 has a surface gravity of log g = 4.4129-023 and a metallicity of [Fe/H] = 0.169*0-05  We

used these Keck/HIRES stellar values in the glolgﬁl%ﬁt as this spectral measurement has th(éolffghest
resolution and SNR. The stellar parameters determined via spectral fitting of the Keck/HIRES,
LCOGT/NRES, and FLWO/TRES data sets (Table 4.2) show close agreement in general. However,
the instruments report distinct values for the stellar rotation (v siniy), though all indicate a slowly
rotating star (<5kms~!). The discrepancies between the instruments may be due to differences in
spectral resolution and SNR, or potentially the slow rotation of the star itself. For slowly rotating
stars, the effects of rotationally induced line broadening can be of similar magnitude to other
broadening mechanisms (e.g., thermal, pressure, and turbulence). Disentangling them becomes
challenging, and thus v sin i, may be inflated if some mechanisms are not properly considered. We
therefore report the spectrally derived rotation rates as rough upper limits (Table 4.2).

We note that the photometric modulations seen in the TESS and WASP light curves both
suggest an equatorial rotation of ~2.8kms~!, falling in the middle of the spectral v sini, values.
The precise value is not central to any key findings of our study, but it does have some bearing on
estimates of a potential RM signal for future endeavours. We adopt the modulation-derived value
for RM calculations in Section 4.5.2 as it bypasses the line-broadening issues of a slow rotator.
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Fig. 4.6. Visual comparison of TESS photometry and nearby Gaia stars. Only one notable Gaia
star contaminates the aperture (labeled “2") with a separation of 179 and fainter by Am ~ 5. The
TESS PDCSAP flux values account for this very minor dilution.

Available data on the local stellar environment reveals two faint neighbours to TOI-2010.
We use tpfplotter® (Aller et al., 2020) to jointly visualize the TESS aperture and Gaia posi-
tional information (Figure 4.6). The only Gaia star of note within the TESS aperture is 5 mag
fainter and separated from TOI-2010 by 179 at a position angle of 33° east of North (Gaia ID:
2136815881247621760). The PDCSAP flux used in our light curve analysis accounts for this
minor dilution so as not to affect the radius estimate of the planet.

Though absent from the Gaia catalogue, we photometrically detect a second neighbour in the
immediate vicinity of TOI-2010 using ‘Alopeke high-contrast imaging. It is of similar brightness
to the Gaia star (Amag = 5 + 0.5) and was detected at a separation of 1”5, 138° east of North. This
star does not appear in the Gaia catalogue. The flux dilution from the ‘Alopeke star is small enough
to cause < 1% deviation in the R, /R, measurement.

Spectral investigation for evidence of blended binaries also shows no indication of significant
contamination. In the SOPHIE spectra, the corresponding bisectors of the cross-correlation func-
tions do not show any significant variation nor correlation with the RV. This means there are no
indications for RV variations induced by blend configurations or stellar activity. We also computed
cross-correlations using masks characteristic of different spectral types: all produce similar RV
variations, suggesting against the presence of a blend of stars with different spectral types. Simi-
larly, the Keck template spectrum was run through the ReaMatch (Kolbl et al., 2015) software to

Shttps://github.com/jlillo/tpfplotter
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check for blended stellar spectra. The analysis revealed no hint of any such blended components in
its cross-correlation routines, and limits any unresolved sources to well below 1% of TOI-2010’s
flux.

With the lack of any photometric or spectroscopic evidence for significant or problematic nearby
or blended stars, we conclude that the measurements of TOI-2010 are free of any significant stellar
contamination. The planet radius assessment of TOI-2010b is therefore robust.

The bulk metallicity results are shown in Figure 4.7. The bulk metal mass fraction of Zp = 0.11
corresponds to 45 Earth masses of heavy elements. There appears to be a small degeneracy between
age and metallicity in this analysis. This arises because leftover heat from formation in a young
star (< 1 Gyr) is compensated in the model with extra metal.

In this case we used a fully mixed planet model. Using a “core+envelope” model would mean
replacing compressible gas in the core with less compressible metals, requiring more metals to
achieve the same radius. This model would require ~20% (or ~10-) extra, according to Thorngren
et al. (2016). The result is similar when using a moderate number of layers making up a semi-
convective staircase “core," but when considering thousands of layers (e.g., Leconte & Chabrier,
2012) cooling slows down and even more metal is required. However, simulations suggest that
small layers merge quickly as the planet evolves (Moll et al., 2017; Vazan et al., 2018), so we would
not assume such an extreme case without more evidence.

The RV fit reveals a residual acceleration of 7 = 0.0185 + 0.0055 ms~! day~!. This ~3c slope
detection is suggestive of some additional distant planetary or stellar companion acting on the
system. In running the RV data through a generalized Lomb—Scargle periodogram (Lomb, 1976;
Scargle, 1982; Zechmeister & Kiirster, 2009) within the astropy package (Astropy Collaboration
et al., 2013, 2018, 2022), the obvious 142 day signal stands out with indisputable significance.
Removing the best-fit Keplerian RV model of planet b (Figure 4.3) and rerunning the periodogram
on the residuals produces no peaks with false-alarm probabilities better than ~10%. These findings
are shown in Figure 4.8. There appear to be no other periodic signals present in our data set for
P < 1000 days.

We also check the TESS light curves for additional transits. Using the astropy.stats.BoxLeastSquares
(BLS) function, we scan the available photometry for periodic transit-like signals. With two
known TOI-2010b transits in the data, the procedure flags the 1134 day separation along with
accompanying aliases (including the 142 day true period). Removing the two known transits leaves
a very flat light curve, and a second BLS pass detects nothing above the noise level. The BLS
algorithm is sensitive only to repeated events, and so single transits (e.g., due to very long periods
or transits falling in observing gaps) would not be detected here. A visual inspection of the light
curve reveals no obvious transits to indicate additional bodies in the system.

To explore the possible very-long-period scenarios, we employed a 2D grid search of semi-
major axis and companion mass combinations that might produce the observed RV acceleration

(Bryan et al., 2016). The resulting relative probability map marks correlated boundaries on the
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Fig. 4.7. Results of the planet’s bulk metallicity analysis. Here mass is reported in Jupiter units,
Zp is the bulk metal mass fraction of the planet, and the age is given in gigayears. The small inset
table shows the input priors used.

probable configurations (Figure 4.5). At the low-mass end, the system could harbour an object
of 0.4 My orbiting at 2.6 au. Anything interior and/or less massive than that struggles to match
the observed acceleration. For sources remaining below the photometric detection threshold, the
most probable configuration at the high-mass end is a 475 Mj (0.46 M) object orbiting at ~22 au,
however the allowable configuration space becomes quite broad. As we are now in the range of
self-luminous low-mass main-sequence stars, the Gemini-N/‘Alopeke speckle imaging would likely
detect anything more massive or more separated (i.e. above the white contours).

In determining the plausibility of each close neighbour star causing the RV acceleration, we
estimate some of their relevant properties. We determine the 1”5 ‘Alopeke star to have a mass of
M = 0.525*0945 A1 and a semi-major axis of a = 162.16*73-33 au, while the 179 Gaia star has

M = 0.5226?8?(2(2%11 Mg and a = 205.21*2333 au. These estim;tlss% though rough, allow us to place
both stars on the Figure 4.5 grid.

If neither of these nearby stars are the cause, the most likely candidate is a yet-unseen planetary
or low-mass stellar object along the high-probability region in Figure 4.5. This region through
the explored parameter space roughly follows the trend of M/[M;] ~ 0.015 (a/[au])*>? where

a > 3au.
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Fig. 4.8. Lomb—Scargle periodogram of RV data. False-alarm probabilities (FAPs) are shown in
grey. The red solid line indicates the fitted period of TOI-2010b, and the dotted red line is the 3/2
harmonic. The top panel periodogram shows results of the unaltered data set, whereas data used
for the bottom panel has had the 141.8 day signal removed. With the removal of planet b’s signal,
no other significant power remains at any searchable period.

4.5. Discussion

4.5.1. TOI-2010b in context

With physical and orbital parameters of the TOI-2010b system properly constrained, we can
place it in the context of other known exoplanets. Using planet data gathered using ExoFile?”
from the NASA Exoplanet Archive (2022), Figure 4.9 shows several properties for the population
of confirmed giant planets (R > 0.5 Rj). As can be seen in the top panel, TOI-2010b is deep in
the low-insolation wings of the population. Few other confirmed giants can boast such low stellar
input, and fewer still have magnitudes bright enough to enable detailed spectroscopic follow up.
TOI-2010b stands out as valuable addition to this corner of parameter space.

The bottom panel of Figure 4.9 locates TOI-2010 b in mass and radius space. A distinction is
made between strongly and weakly irradiated planets (dotted line in the top panel and marker type
in the bottom panel), given that their mass—radius relationship changes. We find TOI-2010b to be
a fairly typically proportioned giant planet, akin to Jupiter though quite a bit warmer. Its moderate
eccentricity may suggest a dynamic history either in its formation or due to ongoing interaction
with unseen neighbours.

"https://github.com/AntoineDarveau/exofile
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Fig. 4.9. Population of confirmed giant (R > 0.5R;) transiting planets with available insolation
values and better than 50% uncertainties on mass and radius. Top: The dotted vertical line indicates
the empirical inflation boundary (Miller & Fortney, 2011; Demory & Seager, 2011) where planet
radii are seen to increase with insolation. TOI-2010b is indicated with the cyan arrow, and Jupiter
and Saturn are labeled towards the right. Bottom: The same population of giant planets separated
into strongly and weakly irradiated subgroups according to the boundary in the above plot.

4.5.2. Future observation potential

We determine the expected signal strengths for a number of potential observations that might
be made on this target in the future (Figure 4.10). We calculate and report the Kempton et al.
(2018) Transmission Spectroscopy Metric (TSM), though we note it was calibrated for smaller
planets. The TSM nominally provides an SNR estimate for fixed-duration observations made with
JWST/NIRISS. However, without the small-planet-calibrated scaling factor, the specific values of
Figure 4.10a may be better interpreted by their relative strengths, rather than absolute value. We
use TOI-2010 b’s transit-phase equilibrium temperature (450 K) for this calculation, and in doing
so we find that it has moderate transmission spectroscopy potential with TSM ~ 26. As a relative
measure, it lands at the ~23™ percentile for the population plotted in Figures 4.9 and 4.10.

We can also look at the Emission Spectroscopy Metric (ESM) of Kempton et al. (2018). Sim-
ilarly to the TSM, the ESM estimates the SNR achieved with a mid-infrared secondary eclipse
detection by JWST. We find a more promising scenario in emission than with transmission. Using
the eclipse-phase equilibrium temperature (364 K), TOI-2010 b has one of the strongest predicted
emission signals (ESM ~ 60) among cool giants < 750 K. Even against giant planets as a whole,
TOI-2010 b falls near the median value. The ESM does not include an empirical calibration like the
TSM, and so the values indicate the expected SNR of a JWST secondary eclipse detection with the
MIRI instrument. TOI-2010 b may provide a very interesting test bed for certain atmospheric prop-
erties. The T.q range of 360—450 K across its orbit spans a transition regime where disequilibrium
chemistry may be evident. Models by Fortney et al. (2020) predict this temperature range to exhibit
marked changes in CO/CHy4 and N,/NHj ratios between equilibrium and disequilibrium conditions.
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Fig. 4.10. Comparison of expected signal strengths for the same planet population shown in
Figure 4.9. TOI-2010b is indicated with the triangle marker. Panel a: TSM. The TSM provides
an SNR estimate for a JWST/NIRISS transit observation. Panel b: ESM. The ESM provides an
SNR estimate for a JWST/MIRI eclipse observation. Panel c: RM signal amplitude. The TOI-

2010b value in this plot uses v sini, = 2.8 km s~!, derived from the TESS and WASP light curve
modulations.

Such detections may go a long way toward connecting models across the Jupiter—exoplanet—brown
dwarf continuum.

We also compute the potential for making an obliquity measurement using the RM effect.
Winn (2010, Equation (40)) provides an approximation for calculating the ARV amplitude expected
during transit for given planet/star size ratio, impact parameter, and projected equatorial velocity
(v siniy,) of the star. Adopting v sini, = 2.8km s~! derived from the modulations observed in both
the TESS and WASP light curves, we calculate an RM amplitude of 27.5ms~! (Figure 4.10(c)).

Table 4.5. Median values and 68% confidence interval for transit times, impact parameters, and
depths

Transit Planet Epoch Tr b Depth
TESS UT 2019-08-16 b 0 2458712.30168*0.00042  0.147+0.988  0.011598 + 0.000052
NEOSSat UT 2021-12-11 b 6 2459563.3058470,000%8  0.147*0.985  0.01246 + 0.00026
TESS UT 2022-09-02 b 8  2459846.97389 + 0.00034 0.147*0:988  0.011598 + 0.000052

—0.097
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4.5.3. Single-transit planets

Any transit survey mission is eventually bound to produce single-transit targets. It comes as a
direct consequence of having only finite monitoring time for a particular star, and the potential for
exoplanets to have very long orbits. With TESS’s month-long baseline coverage for most of the
sky, single-transit targets are not infrequent. Passively detected retransits in subsequent sectors can
help narrow down options, but long gaps between detections leave many possible period aliases.
The survey’s schedule of reobserving a target is also not always compatible with the planet’s orbit.
For example, the second detected transit of TOI-2010b in Sector 56 was very nearly missed. If
the period had turned out even 0.6% longer (~19 hr), the additional TESS transit would have been
missed entirely.

Without substantial active follow up effort, single-transit planets often remain unviable for
further study. Any phase/timing-related endeavours cannot be scheduled without a firm ephemeris,
and attempting an RV study of the system requires careful vetting even before investing the sizeable
observing program for the RVs themselves. Happily, the TFOP has a wide variety of researchers,
infrastructure, and resources to put toward the effort. If a candidate proves suitable for RV follow
up (as was the case for TOI-2010), the mass measurement and orbital refinement come packaged
together. This provides a lot of value for the RV investment. That being said, RV-derived periods
generally have uncertainties on the scale of hours or days for single-transit targets (which tend to
have longer orbits), and the predictive timing uncertainty on future transits only grows worse as
transits go undetected. This ephemeris is generally insufficiently refined to plan precisely timed
observations (e.g., transits and eclipses), but it does open the door for the last step needed to
constrain the system neatly.

The 30 uncertainty window of an RV-predicted transit can easily span up to 20 days or more.
Photometric instruments that are able to locate a transit within such a wide window can refine the
period uncertainties to the order of minutes. The space-based vantage point provided by NEOSSat
and other small space telescopes (e.g., CHEOPS; Benz et al., 2021) is ideal for this application.
Such facilities can monitor this star over the whole time frame, and their detections do not even
have to be of particularly high SNR. The single high-quality TESS measurement is generally
sufficient to constrain the transit shape, and so a low SNR additional transit can simply supply
timing information beyond the precision of the RVs. Being able to point at a target at any time
also allows space-faring instruments to quickly narrow down possible period aliases if two widely
spaced transits have been detected.

It is a major and ongoing challenge to carry out successful retransit searches for TESS single-
transit targets. The nature of the mission’s sector-by-sector and hemisphere-by-hemisphere observ-
ing strategy leaves plenty of room for longer-period planets to fall through the cracks. Small space
telescopes are uniquely suited in providing support observations to pull these long-period planets
back from the edge of obscurity by firmly establishing their ephemerides.
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4.5.4. Cause of the RV acceleration

We inspected available kinematic Gaia data on the 179 neighbouring star to determine its
plausibility as a bound companion that might be causing the RV slope. This source and TOI-
2010 have similar proper motions (38 and 42 milliarcseconds per year, respectively), and their
trajectories differ by only 4.65°. However, their Gaia RVs differ by ~41kms™!, significant to 5o
This discrepancy cannot be explained by orbital motion as a circular orbital velocity at a distance
of 100-200 au (see Figure 4.5) comes out as only 2-3kms~!.

Additionally, the Gaia DR3 parallax distances of TOI-2010 and this faint neighbour differ by
1.5 pc. This does place the source as a close neighbour in interstellar terms, but their respective
parallax uncertainties place their distances more than 20~ discrepant. It is therefore very likely to
be physically separated from TOI-2010 at the parsec scale which could not cause the observed
acceleration given its low magnitude-inferred mass.

Even if we assume some bias on the parallax measure so that they are indeed at the same
distance as one another, this companion does not fall in a favourable location of the Figure 4.5 plot.
The source’s inferred mass and orbital separation place it away from the high-probability region.
The specific relative probability of its location is only ~5% of the global peak probability, and ~7%
of the highest-probability region at its particular mass. The combination of these discussed reasons
disfavour the Gaia star as the source of the acceleration.

The 1”5 source found in the ‘Alopeke image may be a slightly better candidate, though it is
missing some crucial information. With a similar inferred mass but tighter separation, this source
is closer to the high-likelihood region of the Figure 4.5 plot. Its particular cell is ~12% of the
peak probability for this mass. The uncertainty on its semi-major axis allows for it to intersect a
bit deeper into the high-probability region. However, with an unknown parallax or proper motion,
it is entirely possible that this is a background or foreground object and wholly unassociated with
the system.

Based on their low-probability locations in the search grid, coupled with a parsec-scale differ-
ence in distance between the Gaia neighbour and TOI-2010 and lack of parallax information on the
‘Alopeke neighbour, it appears unlikely that either star is responsible for the RV acceleration.

The presence of these two sources certainly does not rule out the additional possibility of a
hidden lower-mass object. The ‘Alopeke source may be approaching the right region of parameter
space, but the unknown nature of its 3D position and kinematics relative to TOI-2010 precludes any
certainty for now. Further characterization of the nearby sources may offer more clarity, such as
refinement of the Gaia star’s parallax, or a check on the ‘Alopeke star’s proper motion in a few years
time. Additional RV coverage of TOI-2010 may even reveal some clear curvature to the residual
acceleration, which would add strong constraints on the high-mass/wide-orbit end of the currently
allowed parameter space.

128



4.6. Summary

In the course of this study, we have confirmed the planetary nature of the exoplanet TOI-2010 b.
A wide range of data sets from the TESS mission and the TFOP working group were collected in
this effort. Most notably, the initial single transit discovered in the TESS Sector 15 data provided
strong transit morphology constraints, but no information on the period. A substantial RV campaign
involving several observatories mapped the RV curve, determined a rough period, and predicted
a subsequent transit to an uncertainty of a few days. Using NEOSSat, we observed a continuous
week-long window and caught this transit, refining the period down to just a few minutes uncertainty.
A fortuitous catch in TESS’s Sector 56 light curve revealed an additional transit detection at a late
stage of this manuscript’s preparation.

We carried out a global model fit using EXOFASTv2 to determine the system’s physical and orbital
parameters by simultaneously fitting time-series light curves, RVs, and historical photometric data.
TOI-2010b turns out to be Jupiter-like in size, about 30% more massive, and its equilibrium
temperature may fluctuate between roughly 360—450 K given its moderately eccentric orbit.

Our bulk metallicity analysis also suggests a fairly Jupiter-like metal mass fraction, i.e. modestly
lower than the general trend given its mass (Thorngren et al., 2016). The host star is very slightly
super-solar in terms of mass, radius, luminosity, and temperature.

We find evidence of a small-amplitude residual acceleration in the RV data set once TOI-
2010b’s signal has been removed, potentially indicative of an outer companion in the system.
Searching a broad grid of potential mass and semi-major axis values, we determine the relative
probability that such companions could cause the observed acceleration. We also determine which
of these simulated systems would be visible in our high-contrast imaging. Among hidden objects
(too faint and/or close to TOI-2010 to be detected), we find a correlated allowed parameter space
ranging 0.4—475 My in mass (475 My ~ 0.45M) and 2.6-23 au in semi-major axis along its highest-
probability region. Smaller masses and orbits cannot reproduce the observed RV slope, while more
massive (i.e. brighter) objects on wider orbits would be observable in our Gemini-N/‘Alopeke
speckle imaging.

We make note of two nearby sources that could potentially be connected to the acceleration.
A Gaia source, 1”79 away, is at a similar distance to the TOI-2010 system, but perhaps not close
enough to be considered a binary capable of producing the RV slope. Also, its inferred mass and
semi-major axis do not fall in a likely region of the parameter space. A second source, discovered
in our high-contrast imaging 1”5 away, has an inferred mass and semi-major axis that are slightly
more likely to produce the acceleration. However, with no parallax information, this source could
easily be just a projected neighbour.

In refining TOI-2010b’s period, we have enabled future transit/eclipse-based research. In large

part due to its cool temperature, the transmission spectroscopy potential of this target is somewhat
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poor. However, its predicted signal strength is much better for emission spectroscopy and RM
measurements.

TOI-2010b turns out to be very typical member of the population of known Jovian exo-
planets. However, the planet’s unique value and interest stem from its observability and low
insolation/effective temperature. Currently, amongst giant planets with reliable radius and mass
measurements, only ~20 are at comparable or lower stellar insolation levels. Among those, only
two are bright targets.

TOI-2010b is a successful case of searching for and catching additional transits for a single-
transit candidate planet. This process is often expensive and challenging, but it allows us to build

up the confirmed exoplanet catalogue where it is only sparsely populated.
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ReaMatch (Kolbl et al.,, 2015), astropy (Astropy Collaboration et al., 2013, 2018, 2022),
matplotlib (Hunter, 2007b), Numpy (van der Walt et al., 2011; Harris et al., 2020b)
tpfplotter?®, ExoFile®, KeplerSpline (Vanderburg et al., 2016), TESS-SIP (Hedges et al.,
2020), SpeckMatch (Petigura, 2015; Petigura et al., 2017; Yee et al., 2017), AstroImage]
(Collins et al., 2017c), alnitak!, AUSTRAL (Endl et al., 2000), BANZAI-NRES (McCully et al.,
2022), PyAstronomy! (Czesla et al., 2019b).

Appendix

The RV data used in the global fit are displayed in Table 4.6. The data span three instruments
and include their individual RV offsets.

Table 4.6. RV Measurements of TOI-2010

BID1ps RV(@ms™) ory (ms™') Inst
2458887.037868  —65.7 8.1 Levy
2458895.027687  —-71.6 6.5 Levy
2458899.012701  -35.9 5.6 Levy
2458922.023014 -84 6.4 Levy
2458955.028682 39.1 4.4 Levy
2458961.908021 41.6 6.6 Levy
2458964.893612 48.0 5.0 Levy
2458966.898471 31.0 9.0 Levy
2458970.887634 38.8 6.5 Levy
2458973.892349 47.6 5.1 Levy
2458991.906717 10.7 8.9 Levy
2459030.819021  —42.9 5.4 Levy
2459040.997378  -22.5 45 Levy
2459064.767218 -6.9 4.7 Levy
2459068.806213 -0.4 4.4 Levy

8https://github.com/jlillo/tpfplotter
https://github.com/AntoineDarveau/exofile
Ohttps://github.com/oalfaro2/alnitak
Thttps://github.com/sczesla/PyAstronomy
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Table 4.6 continued from previous page

BIDrpg RV (ms™!) ory (ms™!)  Inst.
2459182.597717  —38.5 5.6 Levy
2459185.604636  —26.5 5.0 Levy
2459188.603420  —34.3 4.6 Levy
2459194.590484  -25.0 6.9 Levy
2459203.597023  -12.1 5.9 Levy
2459222.590712 0.7 5.9 Levy
2459225.067097 46.2 8.8 Levy
2459228.601064 30.8 7.6 Levy
2459235.060004 25.8 6.1 Levy
2459262.996513 45.1 9.2 Levy
2459274.930264 22.9 6.7 Levy
2459287.907247  -33.7 6.3 Levy
2459295.883380  —-40.4 6.7 Levy
2459301.842307  -47.0 6.3 Levy
2459307.004259  -55.4 43 Levy
2459315.878742  —28.7 4.7 Levy
2459319949170  —36.2 4.0 Levy
2459322.978069  —34.2 4.4 Levy
2459326.986152  —33.7 5.4 Levy
2459333.953995  —27.9 4.7 Levy
2459336.970295  —14.1 5.7 Levy
2459339.999687  —20.1 45 Levy
2459344.872338 9.5 5.1 Levy
2459347.947959 0.7 4.3 Levy
2459351.983896 -3.0 5.6 Levy
2459356.940402 19.2 4.8 Levy
2459361.893688 22.2 4.4 Levy
2459364.922348 23.0 4.9 Levy
2459368.925800 9.8 5.0 Levy
2459372.940835 46.4 7.7 Levy
2459381.765521 26.3 5.5 Levy
2459385.822790 45.6 4.4 Levy
2459388.885495 46.5 6.5 Levy
2459392.788945 35.9 5.0 Levy
2459395.795554 51.9 43 Levy
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Table 4.6 continued from previous page

BIDrpg RV (ms™!) ory (ms™!)  Inst.
2459398.811073 60.4 4.5 Levy
2459401.841438 37.1 4.6 Levy
2459404.841232 40.2 4.8 Levy
2459407.851764 23.1 4.1 Levy
2459409.840484 26.1 43 Levy
2459410.773285 24.0 4.4 Levy
2459412.737338 28.5 4.4 Levy
2459415.750915 16.4 4.8 Levy
2459419.751557  —11.5 4.6 Levy
2459424.700659 -8.0 5.0 Levy
2459427744671  —19.6 4.7 Levy
2459434.772695  —23.3 4.4 Levy
2459438.778047  —59.5 4.6 Levy
2459452.747840  -47.4 45 Levy
2459464.768780  —32.5 5.1 Levy
2459464.768780  —32.5 5.1 Levy
2459489.826089 -9.1 4.8 Levy
2459522.781338 44.9 6.1 Levy
2459586.597180  —35.6 5.6 Levy
2459607.020932  -38.8 6.4 Levy
2459039.471600 —15360.0 3.0 SOPHIE
2459113.414800 —15277.0 3.0 SOPHIE
2459133.408700 —15305.0 6.0 SOPHIE
2459394.536800 —15278.0 4.0 SOPHIE
2459419.545000 —15304.0 5.0 SOPHIE
2459445.490100 —15378.0 3.0 SOPHIE
2459469.491100 —15340.0 3.0 SOPHIE
2459477.404500 —15323.0 7.0 SOPHIE
2459483.448000 —15324.0 5.0 SOPHIE
2459501.357500 —15312.0 3.0 SOPHIE
2459548.222100 —15276.0 5.0 SOPHIE
2459553.237600 —15298.0 4.0 SOPHIE
2459559.223100 —15299.0 3.0 SOPHIE
2459567.230500 —15330.0 3.0 SOPHIE
2459571.238700 —15348.0 3.0 SOPHIE
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Table 4.6 continued from previous page

BIDrpg RV (ms™!) ory (ms™!)  Inst.
2459631.705700 —15312.0 3.0 SOPHIE
2459662.675900 —15259.0 4.0 SOPHIE
2459731.582800 —15359.0 3.0 SOPHIE
2459750.512000 —15352.0 3.0 SOPHIE
2459773.575100 —15290.0 3.0 SOPHIE
2459786.614400 —15290.0 4.0 SOPHIE
2459805.542600 —15267.0 9.0 SOPHIE
2459811.333900 —15241.0 4.0 SOPHIE
2459828.379100 —15264.0 3.0 SOPHIE
2459191.579631  8750.7 12.1 Tull
2459192.588106  8747.0 10.8 Tull
2459275.950854  8817.7 13.3 Tull
2459276.970138  8798.1 10.6 Tull
2459277.969833  8777.6 10.0 Tull
2459293.930022  8740.0 10.4 Tull
2459294957330  8737.9 11.5 Tull
2459301.941670  8729.9 13.7 Tull
2459339.884675  8763.0 11.0 Tull
2459340.824938  8757.6 10.4 Tull
2459355.874441  8794.3 11.6 Tull
2459383.844963  8823.0 11.2 Tull
2459384.820734  8811.8 10.0 Tull
2459411.737865  8795.2 9.6 Tull
2459413.773637  8798.0 9.0 Tull
2459878.627818  8753.2 11.6 Tull
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4.7. Specific Contributions

As was briefly discussed at the end of Chapter 1, the TOI-2010.01 project began with my
collaborator Paul Dalba searching for an additional transit of the single-transit target. Responding
to my open offer within the TSTPC group to aid ongoing projects with NEOSSat, Paul approached
me to try and catch an upcoming transit. With Paul’s input, I put together a dedicated proposal for a
7-day search for this transit. It merited an individualized proposal as it represented a significant time
investment and this type of observation had not been carried out with NEOSSat previously. The
proposal was accepted with high priority ranking, and I orchestrated the subsequent observation
with the NEOSSat staff. I carried out the data reduction and photometry extraction using software
developed by Jason Rowe, but including a few of my own small modifications. I normalized and
detrended the light curve using a PCA code developed by Geert Jan Talens. With a calibrated light
curve in hand, the transit was immediately apparent several hours (<107) from the predicted time.

Based on our successful NEOSSat detection, I was offered lead position on the planet’s confir-
mation paper. Most of the duties and responsibilities mirrored those I described for the TOI-1221.01
paper (Chapter 3), with one main addition. In this particular case I liaised with another RV re-
search team who had also been collecting data on the target. Given our recent transit detection,
we collectively decided it was best that they join our publication. Beyond that, I carried out the
organizational tasks of cataloguing, gathering, and inviting collaborators and data contributors to
the project. We ended up with an author list of 51 people.

Various data sets and interpretive insights were provided by different collaborators. The
investigation of out-of-transit TESS light curve modulation was conducted by Tara Fetherolf. A
similar endeavour looking into the stellar modulation via WASP data was done by Coel Hellier.
Andrew Howard was responsible for the Keck/HIRES spectrum. Marcus Rabus handled the
LCOGT/NRES spectra and analysis, while Allyson Bieryla and David Latham provided the same
for FLWO/TRES. The Gemini-North/‘Alopeke speckle image was obtained and processed by Steve
Howell. RV measurements came from three sources: Paul Dalba and Benjamin Fulton provided
the APF data, Michael Endel and team provided the McDonald Observatory data, and Guillaume
Hébrard and team provided the SOPHIE measurements. The bulk metallicity analysis was carried
out by Daniel Thorngren. Some photometric follow-up was provided by Peter Plavchan and team
from GMU. Finally, the NEOSSat observation, as described above, was my own contribution.

With data collected, Paul Dalba conducted the EXOFASTv2 transit + RV + MIST/SED joint
fitting. It was then my task to combine all the individual findings into a single cohesive picture
of the TOI-2010 system. I summarized the various contributions, addressing each in the paper in
a logical progression. I also provided descriptions of the procedures we collectively undertook in
the data analysis, and reported on the outcomes and their implications. The sections containing
the after-the-fact search for additional planets hidden in the system (i.e., periodogram, RV residual

acceleration, nearby star analysis) was my own work. I also conducted the comparative work that

136



quantified the target’s future observability with various methods, and placed it in context amongst
other known exoplanets.

With all of the tasks and steps listed above accomplished, it was my responsibility to write the
actual paper. I carried out internal revisions within our extended author list, then submitted it for
publication. The submission was met with minor referee suggestions that I addressed, and was

published in the Astronomical Journal in December, 2023.
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Chapter 5

Conclusion

The field of exoplanet research has recently exploded. This is clearly evident by the discovery of
over 4000 new exoplanets in the last 10 years, and only 1000 in the preceding two decades. And
this is only counting the confirmed exoplanets, not the many thousands of pending candidates.
We now know that planets outnumber stars in our Galaxy, and that many planets, including the
most plentiful size class, have no direct analogue in our solar system. Abundance and variety are
the names of the exoplanet game. This progress rides on the heels of ambitious and dedicated
exoplanet discovery missions, the most efficient of which search via the transit method. In looking
for exoplanet transits, we can simultaneously monitor thousands of stars for the tell-tale signal,
and provide detailed measurements of the planet’s orbit and radius when they are found. Once
implemented, transit detections rapidly overtook RV measurements as the primary discovery method
for exoplanets. With the planetary mass provided by RVs combined with the radius from a transit,
the density of exoplanets now became accessible, shedding light on composition and atmospheric
structures.

Even with a detailed map of the distribution of exoplanet properties, this map has edges. Biases
intrinsic to the transit method and imposed by programmatic and technical decisions of each survey
mission set limits on the populations that can be effectively explored. The most prominent bias
facing transit surveys is against wider-orbiting systems. Lower transit probabilities and the long
observational timescales involve mean that many of these planets get missed, are stuck as single-
transit detections, or generate repeated observations too slowly to keep pace with their easier to
study short-period counterparts. There are no quick solutions to overcoming these challenges. It
generally takes dedicated case-by-case effort to verify the few long-period candidates available,
often requiring substantial additional time and observational investment.

This thesis project addressed these challenges on a number of fronts. To contribute to the general
TESS exoplanet candidate follow-up effort (a distributed, yet monumental task given the thousands
of candidates), we brought “new" instruments to join the effort that were previously engaged in

unrelated science. Dragonfly can now observe exoplanet transits in a largely autonomous fashion,



and is able to achieve photometric precision competitive with other major ground-based 1-2m
class observatories. Beyond providing basic transit shape measurements, Dragonfly is useful in
refining orbital ephemerides, checking false positive scenarios, and tracking timing variations. With
NEOSSat we developed an extended program to follow-up exoplanets with challenging observing
parameters (i.e., long duration transits and/or long periods). The space-based vantage point provides
huge advantages over ground-based observatories for these targets. Using these instruments and
others, we have contributed observations and analysis to further the collective exoplanet follow-up
effort. Certain of our endeavours have focused on targets in more challenging parameter space.
For example: TOI-1221 b with its low SNR transits and a 92-day period, TOI-2010b with only a
single-transit TESS detection and 142-day period, as well as others still in progress but not included
as part of this thesis.

As a result of our efforts with Dragonfly and NEOSSat, and our engagement with the TFOP, we
accomplished a number of contributions to the exoplanet community. Our submissions of Dragonfly
and NEOSSat data to the TFOP have resulted in several unpublished confirmations/rejections of
false-positives and period aliases. These data help facilitate future observations and improve the
veracity of the TFOP database. With NEOSSat, we found niche use-cases where we could provide
an observational service that was lacking within the TSTPC. As described in Chapters 3 and 4,
we verified two high-quality and uniquely situated targets for future atmospheric characterization.
TOI-1221b and TOI-2010 b both have moderate equilibrium temperatures due to their relatively
wide orbits. They provide rare test-beds for measuring cool atmospheres, disentangled from stellar
irradiation, and bridging the gap between well-studied hot Jupiters and our own cold solar system
giants. NEOSSat’s and Dragonfly’s observational contributions are both projects that need not
cease with the completion of this thesis. Efforts led by myself or others can continue, improve
upon, and expand their scope into the future. This presented thesis illustrates how quality exoplanet
observations can come from unlikely instruments, and how making concerted efforts on verifying

long-period exoplanet candidates can push the boundaries of the types of planets we study.
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