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Lay Abstract

With thousands of exoplanet discoveries over the last three decades, exoplanet as-
tronomy has revolutionized our understanding of the planet population. Successive
surveys have shown that the two most common types of planets are rocky super-Earths
with radii between 1 and 1.7 Earth radii and sub-Neptunes with radii spanning 2 to
5 Earth radii. Between these two populations is dearth of planets dubbed the Radius
Valley. Super-Earths and sub-Neptunes are unrepresented in the solar system and
models that can reproduce their population and the Radius Valley have sharpened
our understanding of the planet formation process. We cannot reach a full under-
standing of the planet formation process without extending our understanding to the
full population of planet-forming stars. The smallest of these stars are mid-to-late
M dwarfs spanning from 8% to 40% the mass of our Sun and previous surveys have
been largely insensitive to their planets at a population level. In this work | present
my planet nding pipeline, and its deployment to survey 9,131 mid-to-late M dwarfs
observed by the Transiting Exoplanet Survey Satellite (TESS) for transiting planet
signals. By combining a population of 73 planets from this survey with a detailed,
empirically established understanding of my pipeline’s detection sensitivity to planets
of various properties, this survey nds that each mid-to-late M dwarf hosts 1.3 plan-

ets within 30 days on average. This population is dominated by super-Earths, with



relatively few sub-Neptunes. This result is in agreement with theoretical predictions
of the planet population around the lowest mass stars and provides strong evidence

that the radius valley disappears in this mass stellar regime.



Abstract

Around Sun-like stars and early M dwarfs alike, super-Earths and sub-Neptunes form
a bimodal distribution separated by a dearth of planets between 1.6 and 1.9 Earth
radii known as the radius valley. Modeling these planet populations and the radius
valley have re ned planet formation models but full understanding of the planet for-
mation process requires a complete picture of the planet population extending to the
lowest mass stars. As of yet, transiting exoplanet surveys have been largely insensitive
to planets around mid-to-late M dwarfs. Fortunately, NASA’s Transiting Exoplanet
Survey Satellite (TESS) has opened a window into the exoplanet population around
mid-to-late M dwarfs. | have led a systematic search for small transiting planets
around 9,131 mid-to-late M dwarfs observed by TESS to characterize the planet pop-
ulation. I will present my pipeline to process TESS light curves and to detect and
vet signals from transiting planets. Over the set of targets, this survey recovers a
population of 73 manually vetted transiting planet signals. Using injection-recovery
tests, | characterize the sensitivity of my pipeline to transiting planets around stars in
the sample as a function period, instellation and radius. Using the recovered planet
population combined with my survey completeness, | measure an occurrence rate of
1:326™022° planets per star, with radii < 6:5R and orbital periods within 30 days,

dominated by a population of sub- and super-Earths with very few sub-Neptunes

Vv



compared to more massive M dwarfs. This result is in agreement with previous work
in this regime, while surveying a factor of 25 more stars, and aligns with theoretical
predictions of the planet population. Along with our occurrence rate calculation, we

provide strong evidence that the radius valley disappears in this stellar mass regime.
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Chapter 1

Introduction

Astronomy's modern history spans hundreds of years, proceeding millennia of night
sky observations from all peoples through all time. The movement of the inner six
planets of the solar system across the sky have been observable with the naked eye
since prehistory. Explaining their motions across the background stars has motivated
cosmological theories which eventually allowed astronomers to connect Kepler's laws
to universal gravitation|a revolutionary connection that underpins modern physics.

The rst addition to the original six was William Hershel's discovery of Uranus with
observations in 1781 (Herschel, 1783). Neptune was discovered some decades later
when physically inconsistent measurements of Uranus' orbit led astronomers to an
outer perturber (Smyth, 1846). These eight planets motivated our planet formation
theories, but could never o er a window into the full population of all planets over all
stars. Looking outside the solar system has only been made possible recently, and we
have only been able to observe extra-solar planets in the three decades since Mayor
& Queloz (1995) discovered a Jupiter-mass planet around 51 Pegasi. Since their

discovery, the number of conclusively con rmed and published exoplanets has grown
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Figure 1.1. Cumulative exoplanet discoveries to date labeled by discovery method.
Retrieved from the Exoplanet Archive on November's 2024.

to 5,759 as of November '8 2024 (according to the NASA Exoplanet Archive at
https://exoplanetarchive.ipac.caltech.edu/ ), with thousands of unpublished
candidate planets and thousands more expected from coming surveys (see Perryman
et al. (2014), Johnson et al. (2020), and Rauer et al. (2014)). This wealth of recent
discovery has given us a robust understanding of the planet population, and in turn
challenged and re ned our understanding of the astrophysics of planet formation.

The worlds revealed by successive searches have shown us populations of planets
completely unrepresented in the solar system. Of particular importance to this work
are sub-Neptunes and super-Earths. Super-Earths are rocky planets with iron cores,
larger than the Earth without an extended envelope like the gas giants. Their radii

span from 1 1:7R . Sub-Neptunes are planets smaller than Neptune, likely with a
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rocky core and a gasseous envelope. Their bulk composition can also be very high
in volatiles like water and their radii span 2 5R . Exoplanet surveys have shown
super-Earths and sub-Neptunes represent the most common type of planet around
Sun-like stars (Youdin, 2011).

Despite our extensive and growing catalog of exoplanets, there are still gaps and
limitations to our understanding of the planet population. While we have a wide
window into the planet population around Sun-like stars, our understanding of the
planet population around smaller stars is more limited. There is relatively little
understanding of the planet population around the smallest stars in the universe for
reasons we will discuss. These stars|called mid-to-late M dwarfs|are anywhere
from 0:1 O0:5R , and are the most common type of star in the galaxy (Winters
et al., 2015). This work aims to Il this gap in our understanding with the deepest
comprehensive search for transiting planets around mid-to-late M dwarfs to date, and

provide a robust understanding of the planet population around these stars.

1.1 The Transit Method

The exoplanet detection method key to this work is the transit method. If an exo-
planetary system is aligned edge-on relative to the observer's line of sight, the planet
will temporarily occult its host star as it passes in front of the star in a transit. This
phenomenon is sketched in gure 1.2. By carefully recording the brightness of stars
over time, we can detect dips which can be matched to physical transit-curves to
provide strong evidence of the existence of an exoplanet. Since it was rst employed
to detect the transiting gas giant HD 209458 by Charbonneau et al. (2000), the tran-

sit has been responsible for the discovery of more than three-quarters of all known

3
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Figure 1.2: Sketch of the transit method: A telescope observing a star's brightness
over time sees a decrease in brightness as an orbiting exoplanet transits the star.

exoplanets, illustrated in Figure 1.1.

Through the transit method, we can measure the planet's period and the ratio
between its radius as the host star's radius expressed@s=R : The signal observed
by the transit method, or more speci cally the depth of the transit , scales with
the stellar and planet radii as = ( Rp=R )?. This observed ratio, combined with
the stellar radius of the target, allows the planet's radius to be determined. Smaller
stars produce deeper transit signals because a transiting planet of a given size blocks
relatively more of their light. This means that the planets around mid-to-late M stars
produce the deepest transit signals. However, their lower luminosity due to their cool
temperatures and small radii mean that the photometric precision with which we can
observe these stars is lower on average compared to earlier type stars. This means
that only nearby M dwarfs make suitable targets for a transit search.

NASA's space-based transit survey satellites have contributed the bulk of discov-
ered exoplanets using the transit method. The Kepler space telescope observed over
150,000 stars in a 16diameter patch of sky from 2009 to 2013 (Koch et al., 2010).

Following the failure of two of its reaction wheels, Kepler's primary mission ended
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but it continued to observe as K2 until 2018. Although it's pointing precision was
greatly decreased because of the mechanical failure it was able to continue pointing
along the ecliptic plane using radiation pressure from the Sun to slow its drift, along
with periodic thruster rings to realign the observatory. (Howell et al., 2014). The
telescope continued to discover exoplanets through the second phase of the mission.
Both of these phases were very successful exoplanet discovery missions, with Kepler
discovering 2,778 con rmed exoplanets with 1,982 yet to be con rmed. K2 carried on
to discover 547 more con rmed exoplanets with 975 yet to be con rmed. The primary
goal of the Kepler mission was to discover an Earth-like planet around a Sun-like star.
This motivated its long deep stare to detect what would be yearly transits from an
Earth double. This limited its access to the smallest M stars, because their low mag-
nitude meant that relatively few were accessible in the small region of sky that Kepler
surveyed (Cloutier & Menou, 2020).

In 2018, the Transiting Exoplanet Survey Satellite (TESS) launched. TESS uses
four cameras to image the sky, each with a 24y 24 eld of view, stacked to form
an observing area of 24by 96 which spans from 6 above or below the ecliptic to
the over the ecliptic pole (Ricker et al., 2015). TESS observes the sky in sectors
which last 28 days where it observes the brightness of the stars in its eld of view.
After each sector, the telescope rotates 2about the ecliptic pole shifting its eld
of view. With this strategy, TESS observed the southern hemisphere over its rst
13 sectors, and the following 13 sectors observed the northern hemisphere. While
each sector represents a di erent pointing of the telescope, the top camera is always
aligned with one of the ecliptic poles meaning that TESS has two continuous viewing

zones (CVZs). The CVSs are observed for 13 sectors consecutively and targets near
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either ecliptic pole can overlap with multiple sectors of viewing. At time of writing

in November 2024, TESS continues to observe with its 86th sector of observation. It
has also been an incredibly successful mission, with 589 con rmed exoplanets, and
4,709 candidates which have yet to be con rmed.

TESS enables the investigation of the planet population around mid-to-late M
dwarfs in two key ways: Its large eld of view and full sky access allows it to observe
every nearby M dwarf where Kepler was limited to the few in its eld of view. TESS's
bandpass is also signi cantly redder than Kepler's, spanning 600-1000 nm (Ricker
et al., 2015). Compared to Kepler's 420-900 nm bandpass (Koch et al., 2010), this
range provides better photometric precision by more fully capturing the spectral

pro le of these cool, red stars.

1.2 Occurrence Rates and The Radius Valley

The wealth of planets discovered by the transit method have provided a strong sam-
ple to build demographic studies of exoplanets. By combining the population of
discovered planets with the likelyhood of having detected each planet, exoplanet sur-
veys with the transit method can build an understanding of the occurrence rates of
planets. These surveys have shown that the occurrence rate of close-in, sub-Neptune-
sized planets forms a bimodal size distribution around Sun-like stars known as the
Radius Valley separating super-Earths and sub-Neptunes (e.g. Fulton et al. (2017),
Van Eylen et al. (2018)) in the following subsection, | will more thoroughly outline
these observations.

Many theories are able to replicate the Radius Valley: Photoevaporative theories

proposed by Owen & Wu (2013) and elaborated on in Owen & Wu (2017) argue

6



M.Sc. Thesis { E. Gillis; McMaster University { Physics and Astronomy

photoevaporation selectively strips enveloped cores, creating a population of H/He
enveloped sub-Neptunes and rocky super-Earths. Alternatively Gupta & Schlichting
(2019) introduce core-powered mass loss that rocky super-Earths and enveloped sub-
Neptunes can carve out the Radius Valley, but argue that the cooling luminosity of
the planet can drive away atmosphere to carve the valley. Planet synthesis models
o er an alternate window into the Radius Valley, and in particular Burn et al. (2024)
and Venturini et al. (2024) show that water-rich formation plays an important role

in shaping the Radius Valley. | will discuss these theories in depth following the

discussion of the observational Radius Valley.

1.2.1 The Observed Radius Valley

The rst robust observation of the Radius Valley comes from Fulton et al. (2017)
which updated planet radii and provided an occurrence rate calculation based on the
sensitivity of the Kepler mission to each of the 2,025 exoplanets in its sample from
Sun-like FGK-type stars. These methods allowed the true size distribution to be
sharply de ned and compared to the predicted distribution from models of the Radius
Valley's emergence proposed in Owen & Wu (2013). Their results extended past a
one-dimensional characterization of the Radius Valley, and showed the occurrence of
planets in period/radius space, establishing that Sun-like stars generally host close-
in super-Earths and further-out sub-Neptunes. Because of this dichotomy, these two
populations can be separated by a line with positive slope in radius/instellation space.
This is illustrated in Figure 1.3. This positive slope is consistent with predictions of
thermally driven mass-loss models, with the di erence in planetary radii owed to the

presence or lack of a thick hydrogen/helium (H/He) envelope.



M.Sc. Thesis { E. Gillis; McMaster University { Physics and Astronomy

Figure 1.3: Occurrence rates of planets around Sun-like stars from Fulton et al.
(2017) in Instellation (interchangeable with period)/radius space. These populations
are separated by a negatively sloped curve in Period/radius space.

More careful data analysis by Van Eylen et al. (2018) restricted the sample of
planets to those whose radius could be tightly constrained with detailed stellar radii
derived with astroseismography and detailed transit modeling for each planet to best-
t their radii. Their analysis nds that the slope which separates super-Earths and
sub-Neptunes in period/radius space isn =  0:09'%32 with 68% con dence. Their
sample is signi cantly smaller than the sample analyzed in Fulton et al. (2017), and
the average star in their sample is larger and older, but these biases do not signi cantly
e ect the validity of their slope measurement because of the accuracy with which they
were able to measure the radii of the planets included in their sample.

Recall that a detailed analysis of planets around late type stars was intractable
with the Kepler mission. But despite these shortcomings, and with additional planets
discovered by the follow-up mission K2, Cloutier & Menou (2020) was able to detect

the Radius Valley in the population of planets around late K to early M type stars.
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Using 350 planets, again with detailed considerations of their survey's completeness,
they found that while the Radius Valley still exists around smaller stars, the slope
in period-radius space is di erent. This is illustrated in Figure 1.4, and shows that
the slope in period/radius space is positive. This inconsistency suggests that the
dominant formation mechanism driving the Radius Valley around early M stars is

di erent than dominant sculptor of the Radius Valley the around Sun-like stars.

Figure 1.4: Occurrence rates of planets around early M type stars from Cloutier &
Menou (2020). The best t slope which separates these two populations is
computed and various Radius Valley models' slopes are overplotted.

There is currently very little observational understanding of the Radius Valley
in planets around the lowest mass M dwarf stars. Using data from TESS, Ment
& Charbonneau (2023) present seven planets around mid-to-late M dwarfs within
15 parsecs of the Earth to derive an occurrence rate. Based on occurrence rate
calculations, they nd that sub-Neptunes are signi cantly less abundant in this stellar

mass regime, being outnumbered at least 14-to-1 by super-Earths. They report an
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occurrence rate of 61932 terrestrial planets per star, but their sample is far too

small to con rm the existence of a Radius Valley in this stellar mass regime.

1.2.2 Theoretical Radius Distributions

The rst model which predicted the Radius Valley comes from Owen & Wu (2013).
The then newly discovered populations of super-Earths and sub-Neptunes already
showed hints of two planet populations years before Fulton et al. (2017) were able to
compile their robust occurrence calculation. These two populations motivated a the-
ory which could produce both. The photoevaporation theory proposed in Owen & Wu
(2013) and re ned in Owen & Wu (2017) begins by assuming that each planet emerges
from the protoplanetary disk as a rocky core surrounded with a hydrogen/helium en-
velope. During the rst 100 Myrs of their lives, stars are XUV active emitting strong
radiation beyond their red blackbody spectrum, and the envelopes of these planets
are subject to stripping by the strong radiation from their host star. After the XUV
active phase ends, planets are either stripped rocky cores observable as super-Earths
or have retained their envelopes and are observable as sub-Neptunes. In this way, a
smooth initial distribution of planets is split into the two populations separated by
the Radius Valley. While this photoevaporation theory is consistent with the Fulton
et al. (2017) Radius Valley, it's predictions are not completely consistent with the
re ned Radius Valley outlined in Van Eylen et al. (2018) indicating that this picture
may not be su cient.

Gupta & Schlichting (2019) provide an alternate channel which can also explain
the Radius Valley through core-powered mass loss. As planets form, their gravita-

tional energy superheats their cores to between 10,000 K and 100,000 K and this

10
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energy is radiated away as the planets cool. Gupta & Schlichting (2019) present a
comprehensive argument that this cooling luminosity is signi cant enough to carve
out the Radius Valley without the e ects of photoevaporation. Loosely, the ability

of core-powered mass loss to strip planets of their envelopes depends on the compar-
ison between the liberated thermal energy and the gravitational binding energy of
the atmosphere. By dynamically evolving a population of enveloped Earth-like cores
and without invoking photoevaporation, Gupta & Schlichting (2019) shows that core-
powered mass loss is su cient to replicate the slope and shape of the Radius Valley
around Sun-like stars, matching Van Eylen et al. (2018) measurements very well.

As we've seen however, the slope found by Cloutier & Menou (2020) in Figure 1.4
is inconsistent with theories of thermally-driven atmospheric escape such as photoe-
vaporation and core-powered mass loss suggesting that the planet population cannot
be completely explained by appealing to evaporation. The theories discussed thus far
have attempted to re-create the Radius Valley from a population of enveloped rocky
cores, and their models do not investigate the role that water plays in forming planets
and di erentiating super-Earths from sub-Neptunes.

The Bern New Generation Planetary Population Synthesis (NGPPS) model (Em-
senhuber et al. (2021a), Emsenhuber et al. (2021b), Schlecker et al. (2021), Burn
et al. (2021)) aims to provide a complete understanding of the exoplanet popula-
tion by synthesizing planets from planetessimal in a protoplanetary disk. Their suite
of simulations completely evolves the protoplanetary disk and the planets formed
from planetesimals therein, providing a full description of the exoplanetary systems
it produces. These simulated planets' composition can include a large contribution

from water accreted from ice-rich planetessimals. Using the Bern model Burn et al.

11
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(2024) shows that including water-rich planets with condensed water cannot accu-
rately reproduce the Radius Valley. However, by accurately treating water vapour

mixed with H/He in a steam atmosphere, a population of water-rich sub-Neptunes

matching the sub-Neptune population observed by Fulton et al. (2017) emerges. Ac-
cording to the Bern model, the dominant driver of the Radius Valley is composition,

not post-formation photoevaporation.

Using their own pebble-based planet synthesis model Venturini et al. (2024) sim-
ulated the formation of planets around stars with 0.1, 0.4, 0.7, 1.0, 1.3, and NG .
Their model considers the coagulation, fragmentation, drift, di usion and ice sub-
limation of pebbles based on Birnstiel et al. (2011) and Drazkowska et al. (2016).
In agreement with Burn et al. (2024), Venturini et al. (2024) nd steamy water-rich
sub-Neptunes are responsible for the second peak in the Radius Valley. Their model
nd a much more prominent bimodal distribution in density illustrated in Figure 1.5
with two distinct populations of rocky and water-rich planets, separated in density
along the highlighted curves. Without the e ects of atmospheric steam pu ng up
their atmospheres, these two populations of planets overlap in radius space, and the
Radius Valley only manifests because of the in ated sub-Neptunes. This e ect weak-
ens in lower-mass stars, which causes a so-called fading Radius Valley towards the
lowest mass stars and they predict that the Radius Valley is lled in around stars

with 0.1-0.4M

12
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Figure 1.5: Figure 1 from Venturini et al. (2024). Distribution of planets in
mass/radius space generated by their simulations, showing that a water-rich and
water-poor population can reproduce a bimodal distribution in radius, which is

prominent around larger stars, and fades in mid-to-late M dwarfs.

1.3 Investigating the Radius Valley around the Low-
est Mass Stars

To characterize the Radius Valley around mid-to-late M dwarfs, we survey a sample
of 9,131 nearby stars. Data for these targets was acquired through a TESS Guest
Investigator-approved programs G03274, G04214, G05152, and G05152 authored by
Ryan Cloutier to observe the survey's targets from sectors 27-69. The programs'
goal was to observe a uniform sample of mid-to-late M dwarfs and determine the
central radius of the valley around this population of stars. The experiment was
designed to determine which theoretical model is the dominant driver of the Radius
Valley by comparing their model predictions to the population of planets in nature.
The distribution of the targets' distances and radii is plotted in Figure 1.6. Each
target's brightness was recorded with a cadence of two minutes for a minimum of
28 days. This set of targets was selected based on the detectability of transiting

planets whose radii span the Radius Valley. This detectability can be assessed based
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Figure 1.6: Distribution of the survey's targets in radius and distance with the
distribution's mean and 1 intervals marked.
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on the expected signal-to-noise ratio (SNR). This is the ratio between the expected
photometric noise, and the signal of transiting planets with varying radii and periods.
In the ideal case, the photometric noise|expressed asc, is a function of the target's
TESS magnitude, was computed usingicgen (Barclay, 2017). The photometric
noise is calculated assuming that the signal is integrated over the transit duration.

The transit signal is the transit depth , computed as:
Rp

= — 131
A (131)

where R and R, are the radii of the host star and planet respectively. The ratio
between and | provides the SNR of a single transit. By combining a number of
transits Nyansits » the SNR can be enhanced and for a given planet. With somM& ansits

in a light curve, the SNR can be expressed as:

p
SNR = — Ntransits: (132)

Ic

Using the SNR, calculated from the host stars' properties and planet parameters we
can determine which planets ought to be detectable around a given star. This is shown
in Figure 1.7, which illustrates that this survey should have compete sensitivity to
sub-Neptunes, and good sensitivity to super-Earths based on the target's properties
and the planet's period. Each of the sensitivity curves in the gure represent the
maximum magnitude a ducial planet would be observable at. The true sensitivity of
this survey can only be computed by empirically testing a particular pipeline which

is outlined in Chapter 3.
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Figure 1.7: Targets plotted as a function of TESS magnitude and radius with
ducial sensitivity curves for a 6 detection with a 28 day light curve. Each of the
sensitivity curves in the gure represent the maximum magnitude a ducial planet

would be observable at. In ideal conditions, the set of targets with a detectable
planet of the given characteristics are left of the respective curve.
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Chapter 2

Finding Transiting Exoplanets

This chapter is a description of the pipeline | have used to search my set of targets for
transiting exoplanets. Building a pipeline was necessary to characterize the exoplanet
population, because a complete understanding can only be established when the found
population of planets is combined with the completeness of the survey. The latter
is only possible to deduce by testing the pipeline that was used to nd the planets.
So, while there are known planets around stars in my sample, the completeness of
the searches that discovered them is unknown. My pipeline was custom built for
this survey and its development, testing and deployment at scale represents a large

portion of the work in my Master's thesis.
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2.1 TESS Light Curve Data and Stellar Parame-
ters

All of the light curve data used in this survey is hosted on the Mikulski Archive
for Space Telescopes (MAST)https://dx.doi.org/10.17909/T9RP4V ) which com-
prises all of TESS's observations of our targets up to its 85th sector of observation.
Each target was observed with a 2-minute cadence over the sectors where they were
in-frame from sectors 27 to 69 because of the aforementioned TESS Guest Investiga-
tor proposals. Many targets also have additional 2-minute cadence light curves from
sectors 1-27 and 70-85 because of TESS's primary mission and other Gl programs,
respectively.

TESS records the brightness of each target using Simple Aperture Photometry
(SAP) using an aperture of pixels subtended by the star on TESS's detector. SAP
derives the ux from a target by summing the dark-subtracted, debiased pixels within
the TESS predetermined photometric aperture. This ux is subject to instrumen-
tal variations, but the Presearch Data Conditioning Corrected SAP (PDCSAP) ux
works to correct these variations. The PDCSAP uses principal component analy-
sis over all light curves from the detector to remove large-scale correlated variations
exhibited in all the sources on the detector. The PDCSAP ux best preserves the
astrophysical variability of each target while removing instrumental variability exhib-
ited by every star on the detector.

For each sector in which a given target was observed, my pipeline retrieves the light
curve and supplementary data products, which comprise the following series: The

BJD timestamp of each observation, the PDCSAP ux, the 1 error on the PDCSAP
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ux, the exposure time, the data quality ags, and the sector of the observation. Any
data with a nonzero quality ag (indicating some issue) is excised from each time
series.

My pipeline saves these data as a set of light curves by concatenating consecutive
sectors of data up to a limit of four consecutive sectors. This light curve length limit
reduces the computational cost of processing each target's data, because some steps
of the pipeline scale super-linearly with the length of the time series.

For each target, my pipeline also retrieves the e ective temperature, radius, radius
uncertainty, mass, and mass uncertainty from the TESS Input Catalog (TIC, Stassun
et al. (2019)). The e ective temperature is calculated in the TIC with established
colour relations, or values from literature where available. The masses of the targets
are derived using parallax measurements characterizing the distance combined with
the luminosity where available. Without parallax, mass is estimated using colours
as well as e ective temperature. For targets missing mass or radius measurements,
my pipeline estimates the missing parameter using the other quantity based on the
relationships from Pecaut & Mamajek (2013). Targets with both mass and radius
missing were removed from the original sample requested by the aforementioned TESS
Gl proposal. My pipeline also saves the target's quadratic limb-darkening parameters
for each target from Claret (2017), which characterizes the source intensity from the

center to the limb, which is necessary to accurately model transit light curves.
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2.2 Detrending

Before each light curve can be searched for transit signals, we must remove any
systematic variability which was not removed by the PDCSAP correction. This vari-
ability can be due to the star's changing brightness residual instrumental systematics.
In particular, photometric variability caused by stellar rotation and ares must be
treated before each light curve can be searched for evidence of transiting planets.
Trends are removed from each light curve by normalizing each data point by the slid-
ing 12-hour median of the light curve. This detrending is illustrated in Figure 2.1.
The median lter is insu cient however, in the case of the aforementioned are and
rotation signals. These both require treatment before the median lter is applied.
These prescriptions are outlined in the following subsections, with plots illustrating

situations where they are relevant.

Figure 2.1: Top: TESS light curve from each observed sector of TIC 170636897 with
consecutive sectors concatenated and trend overplotted. Bottom: Detrended light
curve with rolling 12-hour median trend removed.
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2.2.1 Flares

Stellar ares from our targets can be seen in many light curves as sharp increases in
brightness with a decaying exponential tail (see Figure 2.2). For our purposes, ares
are nuisance signals that we identify and mask from our light curves. Since they span
very short sections of our light curves, we identify and remove them from the data.
This step is done before any detrending methods are applied.

This process of are removal follows Chang et al. (2015). We start by identifying
data points which are 3 median absolute deviations from the median of the light
curve. If there are three or more consecutive outlying points, the 30 data points on
either side of the identi ed are are taken as part of the series which may contain the
are. With this sequence of data we apply the change-point algorithm described in
Chang et al. (2015). With a sequence of ux measuremenis; X,; :::; X, with some

meanx we de ne the k™ cumulative sum as
Sy = (Xi X): (2.2.1)

A change-point corresponds to the maximum value gfS¢j and its signi cance is
determined by boostrapping and comparing its value to the cumulative sum from
shu ed Xx; series. If its magnitude exceeds 90% of the boostrapped change-points, it
is signi cant, and the series is divided into two sets on either side of the change-point.
This process continues recursively on those subsets until no new change-points are
identi ed. ldentifying these change-points allows the pipeline to identify the extent

of a are, and the change-points, along with the data in between them are excised.

Flares identi ed with this algorithms and the data points the pipeline would excise
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are illustrated in Figure 2.2.

Figure 2.2: Left: Normalized TESS light curve with two ares highlighted and the
excised data has been marked in orange, identi ed by looking for sets of 3
consecutive 3 outliers, and masked by using the change-point algorithm described
in Chang et al. (2015). Right: Zoom-in plots of the two ares showing their extent.

2.2.2 Stellar Rotation

It is particularly common for M dwarfs to show strong quasi-periodic photometric
variability because of rotation. Large star spots can rotate in and out of view in-
troducing a quasi-periodic signal into their light curves. This signal is illustrated by
the light curve in Figure 2.3 from TIC 98796344. We identify this variability using a
Lomb-Scargle periodigram implemented by Schreter et al. (2019). Before computing
the periodigram, | bin-down the light curve's points to 0.05 days to reduce the expense
of the computation. The Lomb-Scargle periodigram for TIC 98796344 is illustrated

in Figure 2.3 showing evidence of strong 1.39 day periodicity.
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Figure 2.3: Top: Normalized light curve from sector 4 observations of TIC 98796344
with binned points overplotted. Bottom: Lomb-Scargle periodigram of the binned
points with the peak period highlighted.

The primary peak of the periodigram prescribes the period, phase and amplitude
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of the dominant periodic signal. To test whether the rotation signal is signi cant we
use a Bayesian Information Criterion (BIC) to compare a sinusoidal model with a
median model. Where is the likelihood of a modeln is the number of data points,

and k is the number of free parameters in the model, we compute the criterion as:

BIC = kin(n) 2In((): (2.2.2)

Taking the di erence between the BICs for the sinusoidal and median models char-
acterizes how well one ts over the other and is expressed as the BIC. Should the
BIC favour the rotation model with BIC 50, we consider the rotational signal
signi cant. Additionally, we require rotation signals with a period of more than 1
day to have an amplitude greater than the median reported photometric error. This
extra condition is imposed because of the 12 hour length of our median Iter, which
deals signi cantly worse with short period variability. The rotational characteristics

of each target in our sample of stars are illustrated in Figure 2.4.
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Figure 2.4: Detected rotation period of each of the stars in my sample, plotted
alongside how well a BIC test favours a rotational model over a at median
model. Rotators are favoured by the BIC test by at least 50, and must have a
rotational amplitude greater than the median photometric error.

Gaussian processes (Rasmussen & Williams, 2006) produce a nondeterministic
model of a physical process that is di cult to model physically. It has been shown
by Angus et al. (2018) that Gaussian processes can remove the quasi-periodic signals
introduced by stellar rotations. Pure sinusoids are an inaccurate model for these

rotation signals because of other stochastic and non-periodic contributing factors,

25



M.Sc. Thesis { E. Gillis; McMaster University { Physics and Astronomy

and physical models require a large and degenerate parameter space to accurately
model the signals we observe, and are unsuitable for deployment at the scale of this
survey.

Each light curve with signi cant rotation is detrended using a Gaussian process
with the rotation term kernel provided by celerite2 (Foreman-Mackey, 2018). This
kernel is a combination of two simple harmonic oscillator kernels, with two modes
in Fourier space: one at the rotation period and one at one-half the rotation period.
The parameters used in this model are summarized in Table 2.1. The power spectral

density of the simple harmonic oscillator is given by:

S(1) = - Sot o* . 223
T 2002 122+ 12 2=’ 2.

where! ¢ is the undamped angular frequency, Q is the quality factor an8, charac-
terizes the power at! ¢>. The rotation term kernel combines two harmonic oscillators

with the parameters:

Qi=1=2+Qo+ Q (2.2.4)
l g1 = —p% (2.2.5)
P 4Q.% 1
2
T (220
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and

Q2=1=2+ Qo (2.2.7)
Loz = —p% (2.2.8)
P 4Q7° 1
_ fz .
SO;Z - m (229)

The free parameters in equations 2.2.4 through 2.2.9 are outlined in Table 2.1. The
e ectiveness of this Gaussian process is illustrated by Figure 2.5, where it smoothly
removes signi cant stellar variability and produces a at light curve.

While Gaussian processes are e ective at modeling stellar rotation signals, they
can be expensive to run, and can degrade transit signals because the Gaussian process
does not distinguish stellar variability from planetary transits (Garcia et al., 2024).

For these reasons, my pipeline uses the Gaussian process to detrend where it is deemed

necessary by the period, BIC test, and amplitude of the rotational signal.
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