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Top: Total HPF RV timeseries of TOI-1696. Bottom: Final, phase-folded
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Stacked histogram of the radii of known planetary systems around cool stars,
taken from the NASA Exoplanet Archive [7]. The total sample is of all planets
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inversely proportional to T.g [104], and we further show a subset of this sample
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large for a star with T, = 3168 K, and its placement in the histogram is
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Distribution of planets orbiting M dwarfs (Teg < 4000 K) in period-radius
space taken from the NASA Ezxoplanet Archive on 8 February 2022. To
emphasize the fact that we are adding additional value by constraining the
mass of TOI-1696b and TOI-2136b, we include only systems with at least
upper limits on their mass!. The most recently uploaded parameters are
used. The planets studied in the paper are highlighted with blue circles, while
a few notable systems are highlighted with green circles. TOI-1696b has a
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Simulations of JWST observations of TOI-1696b using the NIRSpec instrument.
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recoverable features. . . . . .. ..o 66

PDCSAP flux of GJ 3929 as taken during TESS Sectors 24 and 25. Overlaid

is data binned into one hour intervals. Additionally, we plot a maximum a-
posteriori (MAP) fit of the transits of planet b. A phase fold of the transits

after our complete analysis is visible in Figure 3.4. The transit model is
described in Section 3.4.1. . . . . . . .. 70
50 contrast curves of GJ 3929 taken using the K and J filters. The data

were taken on 2021 February 26. The overcast conditions and poor seeing

on 2021 February 26 resulted in challenges with sky-subtraction. As a result,

the magnitude difference between the centroid and background don’t drop as
quickly as expected. . . . . . ..o 74
TESS pixel image of GJ 3929 taken during Sector 24, created using the
eleanor software package [114]. The TICv8 position of GJ 3929 is indicated

by a black x. Red circles correspond to Gaia resolved sources [137], with

size corresponding to brightness. Because GJ 3929 does not have any bright
neighbors, we do not use a dilution term. . . . . . . . ... ... ... .. 83
Phase folded transit fits to TESS data, ARCTIC data, and LCOGT data.

We separate the 2021 April 15 transit taken with LCOGT by filter and label
them accordingly. Using all of these data allow us to modify previous radius
estimates of GJ 3929b. . . . . . ..o 84
Top: GLS periodograms of the combined dataset consisting of NEID, CARMENES,
and HPF RVs, CARMENES data only, and NEID data only. Data have been
adjusted for offsets. Middle: data after the subtraction of planet ¢, assuming

the values derived in our final posterior fits. Bottom: GLS periodograms of

data after the subtraction of planet b and planet ¢. We do not include a

periodogram of HPF-only data due to its sparseness. . . . . . ... ... .. 85
GLS periodogram of the Ha data taken by the CARMENES and NEID
spectrographs. The only significant signal is at 116 . . . . . . . .. ... .. 87

Top: RV data of GJ 3929 used in our analysis. The data has been adjusted
for systematic offsets. Overlaid in black is the 2 planet model. Bottom: Phase
folds of our median fit to planets b and c after subtracting the other planet,
with a 1o confidence interval overlaid. Jitter values are not included in the
EITOTS. .« o v o e e e e e e e e e e 90

viii



3.8

3.9

3.10

4.1

4.2

4.3

4.4

TESS PDCSAP flux of GJ 3929, taken during Sectors 24 and 25. The
projected linear ephemeris of planet ¢ is marked by a vertical gray line, with
the 30 and 5o windows of uncertainty overlaid. It seems plausible that the
second and third transits of planet ¢ might have fallen into data gaps, though
the negative detection in the first transit window cannot easily be explained
if planet c is transiting. Thus, we can rule out transits of planet ¢ with 3o
confidence. . . . . . . .. 91
Mass-Radius diagram of exoplanets taken from the NASA Exoplanet Archive
on 2022 April 5. We restricted our study to planets with measured radii
and masses. Colors indicate the stellar effective temperature of the system’s
host star. GJ 3929b is depicted in blue, and a region spanning the possible
positions of planet c is visible in gray. We also include GJ 1132b in green, as
it is a similar system discussed further in the text. A few theoretical density
estimates are included as outlined in [406]. . . . . . . ... ... ... ... 100
Transmission Spectroscopy Metric [TSM; 214] of various planets taken from
the NASA Exoplanet Archive on 2022 April 5. We note that GJ 3929b is in
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that are amenable to transmission spectroscopy. . . . . . . . . . . ... ... 102
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We computed an [1 periodogram of TOI-1136 RV data, determining the best
white noise value for the noise model through cross-validation. Instrument
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(4.40, 4.36, 2.87 days) dominate the periodogram. Once again, planet periods

are not significantly detected, and a more complicated model is required to
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Our posterior transit fit to the single transit of the candidate planet. Fits
indicate that the planet likely has a radius near 2.68 Rs. We use the SES
(equation 4.2) to verify the significance of the transit. . . . .. ... .. .. 117
A plot of the GP fit to the RV activity signal of TOI-1136, calculated from
photometry. This activity prediction is estimated via the FF’ method described

in [5]. The above plot illustrates our fit to season 2. After assessing convergence,

we use the frequency posteriors of this GP fit as priors on the GP hyperparameters
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Histogram of the difference between the scaled log-likelihood of the training
datasets described in §4.5.3 and the scaled test datasets. As a model becomes
overfit to data, the training likelihood should become much higher than the
test likelihood. Positive values indicate overfitting, and negative values indicate
underfitting. A histogram of our grid search results is shown in blue, and a
histogram of the 100 samples using our 6 planet TTV+RV posterior are shown
in red hatches. Our model likelihood differences skew slightly into overfitting,
but they are much more highly concentrated around 0 than our grid search. .
Left: A comparison of the RMS of the training and test residuals during
our cross validation. The test datasets exhibit higher scatter, but their GP
uncertainty is also high, indicating that the model has trouble predicting the
held-out, test dataset. Right: a histogram of the residuals/uncertainty of
the training and test datasets. Despite the large RMS of the test dataset,
its associated uncertainty is also high. Consequently, the predictions are not
unreliable, though imprecise. This again indicates slight overfitting, though
itisless than in [51]. . . . . . . .. L
Top: Total RV model to TOI-1136, planets and GP. Middle: Residuals to
seven planet GP fit. Bottom: Phase folds to each planet in TOI-1136 after
subtracting the activity model and each other planet. RVs are adjusted for
instrumental offsets. We note that APF’s lower precision was not ideal for
tracking planetary reflex, but helped to constrain the stellar activity. The RV
data used in our analysis are available as “data-behind-the-figure”. . . . . . .
TTV O-C plots for each of the six inner transiting planets (b-g), from top
to bottom, left to right. Red lines indicate the maximum likelihood TTV
model predictions from a seven planet model, while green lines indicate a six
planet model. Light blue lines indicate the final prediction of 100 randomly
selected chains. We do not include a fit to the single transit of TOI-1136 (h).
We also highlight TESS sector 75, where TOI-1136 will receive additional
observations. The two models predict significant TTV differences during this
Sector. . . ..
We highlight the disparate architectures of the highest-known multiplicity
planetary systems, as well as a few systems similar to TOI-1136. We highlight
that the candidate seventh planet in TOI-1136 does not have a confidently
detected orbital distance. Planet and stellar radii are scaled for comparison to
other systems, though we emphasize that the planet-star size is not to scale.
None of the systems exhibits a clear analog to any of the others, and all have
the potential for very interesting, future study. . . . . . . . . ... ... ...
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4.10 TSM versus planetary radius of known exoplanets, taken from the Exoplanet
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Archive on 25 October 2023. We also highlight TRAPPIST-1, Kepler-90,
Kepler-11, and V1298 Tau, the systems we discussed as most relevant for
comparison with TOI-1136. None of these other systems have TSM values as
high as TOI-1136. While several planets in TOI-1136 have only average TSM
values, planets ¢ and d are very good for follow up. We emphasize that the
probable existence of an atmosphere on all planets in the TOI-1136 system
inflates the system’s TSM values, and the system would be less useful for a
study focused on terrestrial planets. . . . . . . ... ..o L
Mass-radius diagrams of known exoplanets taken from the NASA Exoplanet
Archive on 12 May 2023 in gray, with the planets in TOI-1136 highlighted.
We include only exoplanets with better than 20 mass precision. We include
composition profiles taken from [406] for rock, water, and iron compositions,
indicated by a solid line in the figure, and a (Z) in the legend. We include Hy
envelopes of different percentages taken from [247], as the [406] profiles may
not be as accurate in the regime of large gaseous envelopes [324]. These are
indicated by dashed lines, and are notated with a (LF) in the plot legend.
A wide variety of compositions might explain the bulk density of the planets
in TOI-1136, and planet b in particular might have either a small volatile
envelope, or could be consistent with a “water world”. We place TOI-1136(h)
at its 3o upper limit, and use a downard arrow to indicate our uncertainty in
s mass. . . . . . L e e

A plot of our NEID RV coverage as a function of time. TESS simultaneous
veiwing is highlighted with a light blue streak. All of our NEID RVs were
obtained near in time, or simultaneously, with TESS observations. . . . . . .
Top: Kepler Quarters 6 and 7 PDCSAP Flux, binned to 0.1 days. Bottom:
TESS Sectors 40 and 41 PDCSAP Flux, binned to 0.1 days. Both datasets
exhibit clear, quasi-periodic variability caused by stellar magnetic activity.
Simultaneous RVs are marked with red triangles. . . . .. .. .. ... ...
Left: phase folded Kepler transit of planet b, and the fit residuals below.

Right: phase folded TESS transit of planet b, with residuals below. Unsurprisingly,

we recover the previously reported transits in Kepler, but we also include for
the first time a fit using TESS. Considering that the planet has a radius of
1.618 Rg and is orbiting a larger star (R, = 1.902 Ry), the transit depth
is quite small, and difficult to discern from an individual transit, especially
in TESS. Nonetheless, folding multiple transits and binning the data clearly
reveals a transit-like structure, even in TESS. . . . . . .. .. ... ... ..
Top: RV time series of Kepler-21 spanning more than a decade. Light colors
reflect the GP model used for each instrument. Middle: Residuals of a one

planet, trend, and GP fit to the data. Bottom: phase folded RVs to planet b.
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Injection recovery results for fits with an injected “transiting” planet. The
amplitude and period of the known planet are denoted by a black dashed
line. Top Left: Injection recovery tests run with no GP training. Top Right:
differential preference for recovering the injected planets between Kepler and
untrained fits. Bottom Left: differential preference for recovering the injected
planets between TESS and untrained fits. Bottom Right: differential BF
improvements between the training methods. Longer orbital periods are
consistently recovered more robustly when training on Kepler. . . . . . . ..
Injection recovery results for fits with an injected “RV-detected” planet. The
amplitude and period of the known planet are denoted by a black dashed
line. Top Left: Injection recovery tests run with no GP training. Top Right:
differential preference for recovering the injected planets between Kepler and
untrained fits. Bottom Left: differential preference for recovering the injected
planets between TESS and untrained fits. Bottom Right: differential BF
improvements between the training methods. The vast majority of injected
planets were recovered more strongly when training on Kepler. . . . . . . ..
Top: rejection sampling for a variety of masses and orbital periods of the long
period companion, where inclination is fixed at 90 degrees. Bottom: same
as above, but with inclination allowed to vary. Due to the lack of sizable
astrometric signatures in Gaia data, we can rule out many long period and
high mass objects. . . . . . . . . ..
Correlation between mass and radius of known exoplanets with a measured
mass and radius, taken from the NASA Exoplanet Archive on 12 August
2023. We only use planets with precisely measured masses (M,/c > 3). We
add our new mass and radius measurements for Kepler-21 b in red. We
additionally add theoretical planet compositions. Earth and iron compositions
are taken from [406], and we extract irradiated water compositions from [3].
We use "Atm” to indicate the percentage of water in the atmosphere, and
”Core” to indicate the percentage in the planet core. Kepler-21 b’s placement
in the radius valley made it a candidate “Water World,” though it seems such
scenarios can likely be ruled out. . . . . .. ... ..o

NEID observations of our eight targets. TESS observations are overlaid in
blue. Bad weather hindered observations of Kepler targets at first, and the
Contreras fire would eventually prevent observations toward the end of our
program, hence the small window of TESS observations which then ended
abruptly for the Kepler targets. We generally had high success observing K2
targets. . . . ..o Lo
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6.2 We include a variety of plots summarizing our training and analysis of HD
173701. Top Left: Kepler and TESS training data, as well as our best fit GP
model overlaid. Top Right: RV time series and training posteriors. Bottom:
Results of our injection-recovery analysis in the two cases described in §6.4.
The left plots show the preference for models including the injected planet
when no GP training is applied. The middle two plots show the improvements
gained when training on Kepler or TESS. The rightmost plots highlight the
differences between Kepler and TESS training. . . . . . . . . . ... ... ..

6.3 We show the increased or decreased performance of our activity models when
trained on simultaneous data instead of non-simultaneous data. The y-axis
indicates ABF between models trained on simultaneous versus non-simultaneous
photometry. Positive values indicate that the simultaneous photometry is
improving sensitivity to injected planets, while negative values indicate worse
performance. Red bars correspond to our “transiting” planet runs, and the
blue bars correspond to “RV-detected” injected planets. There is not consistent
improvement gained from simultaneous photometric training. We note that
for HD 24040, the negative preference goes far below our axes limits, which
we set for a clearer analysis of the other systems. As mentioned in the text,
we believe these fits may not be reliable. . . . . . . . .. ... ... .. ...
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ABSTRACT OF THE DISSERTATION

Leveraging Large, Disparate Datasets to Precisely Measure the Masses of Nearby
Exoplanets

By
Corey Beard
Doctor of Philosophy in Physics
University of California, Irvine, 2024

Professor Paul Robertson, Chair

The field of exoplanet science is fast approaching the capability to detect life on distant
planets. The successful launch of the James Webb Space Telescope (JWST) will allow us to
probe into the atmospheres of some, and the future Habitable Worlds Observatory (HWO)
and thirty-meter class telescopes will allow us to directly image our closest exoplanetary
neighbors. To accomplish their science goals, however, these facilities require a well-curated
list of targets that are well understood. Today, most planets are not understood deeply,
and the very nearest exoplanet systems—exclusively accessible via the radial velocity (RV)
method—remain challenging to characterize, in no small part due contamination originating
from stellar astrophysics of their host stars. The best analysis techniques for disentangling
stellar noise from genuine exoplanetary signals is key to the future of exoplanet science.
In this work, I focus on quantitatively comparing different ways to combine photometric
data with RVs, first to deeply understand systems with minimal stellar contamination, and
finally to probe into those most challenging systems. Such analyses are essential steps to
finding Earth twins, a crucial prerequisite in the quest to learn if indeed we are alone in the
universe. First I characterize three transiting planets, discovered by the Transiting Exoplanet
Survey Satellite (TESS), and a combine RVs and ground-based photometry to improve our

understanding of their nature. I then turn my focus to exoplanet systems for which stellar
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variability presents a major challenge to measuring the detailed properties of the planets.
My analysis of the young multiplanet system TOI-1136 combines transit times and RVs
to touch upon many of the most important aspects of current exoplanet science, including
atmospheres, formation, and evolution. I finally study the relationship between RVs and
photometry, and I investigate the best ways to transfer knowledge of stellar variability from
photometric to RV datasets in order to more reliably detect exoplanets and measure their

masses.
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Chapter 1

Introduction

1.1 Observational Exoplanet Astronomy

Humankind has long imagined planets orbiting distant stars, and yet our first confirmation
that such planets indeed exist was very recent. The first ever discovered exoplanets were the
unusual PSR12574+12 b and ¢, found in 1992 around a pulsar that exhibited timing variations
[397]. The first exoplanet discovered around a main sequence star was found in 1995 [51 Peg
b; 272]. In many ways, the discovery of 51 Peg b baffled astronomers, as the planet is a ”Hot
Jupiter,” a Jupiter-mass planet orbiting extremely close to its host star. No such analogue
exists in the solar system, and the discovery confounded planet formation models [273]. 51
Peg b was discovered using the radial velocity (RV) method, which I describe in detail in
§1.1.1.

The initial push to find more exoplanets was successful, and many additional exoplanets were
discovered in the following years. The launch of the Kepler spacecraft in 2009 [57] would
eventually revolutionize the field again, as it would demonstrate the power of the transit

method to find thousands of exoplanets. Careful study and follow-up would soon confirm



many of these new planets, and the transit method cinched its place as the most efficient

way to find new exoplanets. I discuss transits further in §1.1.2.

Additional methods of detecting exoplanets were theorized and, often, eventually carried out,
though none have yet surpassed RVs or transits in sheer number of planetary discoveries. |
discuss direct imaging in §1.1.3, astrometry in §1.1.4, transit timing variations (TTVs) in

§1.1.5, microlensing in §1.1.6, and pulsar timing variations in §1.1.7.

All told, the Nasa Exoplanet Archive currently lists 5,539 exoplanets confirmed and validated,

a long way from where we began.

1.1.1 Radial Velocities

One of the original and most prominent methods for discovering and characterizing exoplanets
is the radial velocity (RV) method. Newton’s laws of gravitation tell us that two massive
bodies bound gravitationally exert equal and opposite forces on each other, and orbit a
common center of mass. This has been historically well-studied in binary and triple star
systems [331, 224], and can be used to find exoplanets as well. Viewed from Earth, the
presence of an exoplanet can be inferred from the variation in a star’s radial velocity over
time, except when the full orbital motion of the planet is perpindicular to our line of sight.

We show a graphical representation in Figure 4.7.

Such velocity variations cannot be observed directly, though precise spectral measurements
can detect Doppler shifts in the spectrum of the host star, and these can be translated into
velocity space. Taking many RV observations results in a one dimensional time series that

exhibits periodic behavior.

Kepler’s equation predicts the motion of a companion bound gravitationally. It is often

represented in terms of the mean anomaly, M, the eccentric anomaly, F, and the orbital
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Figure 1.1: Artistic representation of the radial velocity method. As the star approaches our
line of sight, its light becomes blue-shifted, and as it recedes, it appears red-shifted. Image
credit: NASA, ESA, Leah Hustak (STScI).

eccentricity, e [304].

M(t) = E(t) — esin E(t) (1.1)

This transcendental equation cannot be solved analytically, and is often solved numerically
in practice. M (t) describes the position of a planet in its orbit, though in general a three-
dimensional planetary orbit is described by seven free parameters: semi-major axis (a),
orbital period (P), eccentricity (e), periastron time (¢,), inclination (¢), longitude of the

ascending node (€2), and the argument of periastron (w) [304].

An RV time series only observes this orbit projected into one dimension, and generally cannot

constrain €2, and can only constrain asin(z), but not a nor ¢ individually. Kepler’s laws can



be used to re-parameterize a sin(i) into a dependence on planetary mass times the sine of
inclination, M, sin(i), and the stellar mass, M,. M, can usually be measured independently
from RV observations (via spectral type and luminosity). The dependence on M, sin(7) is
often re-parameterized into the direct observable, K, the RV semi-amplitude. This is given

by:

e 1 M2sin®(i)
1 - e2asin(i) (M, + M,)?

K? (1.2)

The RV method is one of few methods that can be used to place constraints on exoplanet
mass, one of the most fundamental parameters when studying exoplanets. The method is
most sensitive to large planets that orbit close to their star, though RV detections have been

made for Earth-sized exoplanets [40], and for very long period exoplanets [130].

The method is less efficient than the transit method, with observations restricted to a single
star at a time. The advantages, however, are such that RV observations maintain their
importance today, and will likely to continue to be one of the most utilized ways to study
exoplanets. As mentioned above, RVs can place constraints on minimum mass, something
that the transit method typically cannot do. It is also more sensitive to longer period
exoplanets, as the transit probability falls off rapidly as an exoplanet’s orbital distance
increases. Additionally, the RV method is generally sensitive to any inclination, except for

an orbit that is completely face on, allowing study of relatively inclined systems.

1.1.2 Transits

The transit method of exoplanet detection has moved to the forefront of exoplanet science

today as the most successful at identifying planets orbiting distant stars. The method relies



on the continual photometric monitoring of the brightness of a star. When a planet passes
between the observer’s line of sight and the star, a characteristic dip in brightness appears in
photometric data. We call this dip a transit. The first transit of an exoplanet was observed
in 1999, for the Hot Jupiter HD 209458 [175, 78]. Originally, transit follow-up was carried
out for known-exoplanet hosts at the planet’s time of inferior conjunction. It was quickly
determined that the more efficient method, rather than observing a single star, was to use
wide-field cameras that could observe the brightness of many stars simultaneously [183].
Ground-based observations were limited in the transit depth that they could observe due
to atmospheric effects, and space-based photometric missions would eventually become the
gold standard for transit observations. The launch of dedicated transit missions CoRoT [19],
Kepler [57], and TESS [318] would eventually expand our knowledge of transiting exoplanets

substantially. We include a graphical representation of a transit in Figure 1.2.

When a planet transits in front of its host star, it initially blocks a portion of the stellar flux
as it slowly moves in front of the disk. We call this ingress. Once the planet is completely
in front of the stellar disk, the planet is transiting, and when it exits the disk, we call this
egress. The amount of flux blocked by a transiting exoplanet is approximately related to the

planet-star radius ratio by

AF =~ (%)2 (1.3)

We call AF the transit depth. R, can usually be calculated independently from the transit
observation via spectral classification, and so the transit can generally constrain the radius
of an exoplanet. Detecting multiple transits can be used to constrain the orbital period
of a transiting exoplanet with high precision, and the transit time, or the time of inferior

conjunction, can be used to tightly constrain the phase of the transiting exoplanet. The
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Figure 1.2: As a planet passes between our line of sight and that of a distant star, it blocks
a portion of the light, creating a transit. Image credit NASA.



transit duration, usually defined as the time between the start of ingress, and the end of

egress (t14), is related to the semi-major axis and planetary mass by:
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Beyond radius, orbital period, transit time, and semi-major axis, another important observable
is the impact parameter, b, a dimensionless quantity that represents the distance from stellar
disk center of the transiting exoplanet. The semi-major axis can be combined with the
impact parameter to determine the orbital inclination. This is particularly important when
combining transit and RV analysis, as one can much more firmly constrain the geometry of

the exoplanet orbit [304].

The transit method is efficient, as we can photometrically monitor thousands of stars simultaneously.
It also allows for the determination of planetary radius, an observable difficult to constrain
via other methods, and allows for a generally much more precise constraint on orbital period
and time of inferior conjunction than other methods can provide. The method relies on
the very specific transit geometry for observations to be possible. The probability that a
planet orbiting at a given semi-major axis, a, transits quickly falls off as a increases [59].

The probability is given in equation ?7?.

p="2 (1.5)

It is clear, then, that most planets do not transit from our perspective. The method is

heavily biased towards shorter-period, large exoplanets, much like the RV method. The



transit method, however, is generally sensitive to smaller exoplanets than the RV method at
present. Consequently, while we have discovered many transiting exoplanets, they comprise
a small subset of the true population of exoplanets, most of which can never be observed via

transit photometry.

1.1.3 Direct Imaging

Direct imaging of an exoplanet is perhaps the simplest to conceptualize of all methods
of exoplanet detection. Such an observation, as the name suggests, consists of observing
the planet directly, rather than its host star. These observations can be spectroscopic
or photometric. Simple to conceptualize, but far from simple to perform, direct imaging

observations are generally challenged by two issues.

Firstly, the host star will be many orders of magnitude brighter than any exoplanet. As a
result, any observation of light eminating from an exoplanet will need to be disentangled
from the contaminating flux of its host star. Development of coronographs, instruments that
block flux from the host star, have made such observations possible [118], though at present
such observations are typically constrained to distant, young Jupiter-size objects that emit
a great deal of light due to a high formation temperature [266]. Observations of exoplanets
via light reflected from their host star are more challenging, but are expected to be the only

way to directly image more mature or rocky exoplanets.

Secondly, direct imaging requires that a planet be sufficiently far from the host star that
it can be geometrically resolved. The angular separation of a planet and its host star from
Earth is approximately § where a is the semi-major axis of the planet, and d is the distance
of the system from Earth. This is typically a very small angle, and is often smaller than the
minimum resolving angle of a telescope, given by the size of its Airy disk, 1.22%. A is the

wavelength of observation and D is the diameter of the optical instrument being used, in



our case a telescope.

These major limitations make observing a planet via direct imaging very challenging, and
have restricted most successful observations to long-period giant planets. Currently, the
lowest mass planet observed via direct imaging is 51 Eri b [2 M;; 260], and the lowest radius
exoplanet observed is TYC 8998-760-1 ¢ [R, = 127% Mg; 53]. The shortest orbital period
detected via direct imaging is that of HD 206893 ¢ [2090137; 177].

Despite challenges, direct imaging is valued because it is the primary exoplanet detection
method that directly observes an exoplanet. Phase curves of thermally emitting exoplanets
can be obtained photometrically [112], and high dispersion spectroscopy can recover exoplanet
flux in cross-correlation space [350], though these methods are generally more restrictive.
Other methods infer the existence of an exoplanet from observations of its host star. Furthermore,
next generation, thirty-meter class telescopes are expected to be able to image many of
Earth’s closest neighbors, and will generally be sensitive to lower-mass, shorter-orbital period

exoplanets [349].

1.1.4 Astrometry

Astrometry is another promising method for detecting exoplanets. Complementary to radial
velocity observations, astrometry investigates the two-dimensional motion of a star in the
sky plane. This subtle “wobble” of a star can be used to infer the existence of a companion
exoplanet. Currently only two exoplanets have been discovered via astrometry [93, 352],
and both very recently. Many more previously known exoplanets have been detected via

astrometry [279, 401].

With the advent of Gaia [139], astrometric planetary observations are very likely to see a

substantial uptick, as much more high-precision astrometry data is now publicly available,



and more continues to be obtained. Astrometry is a particularly valuable detection tool
because it, unlike most other methods, is especially sensitive to longer period exoplanets,
and could be used to probe for Jupiter analogues. Additionally, astrometric measurements
of RV-detected planets can constrain the planetary orbit in three dimensions, allowing for

another method to obtain true mass measurements.

1.1.5 Transit Timing Variations

Another method that can be used to discover and characterize exoplanets is to examine
the transit timing variations (TTVs) of known transiting exoplanets. Normally, planetary
transits are highly regular, but the presence of other perturbing bodies in the system can
introduce non-linearities in the orbital period, causing transits to appear early or late,
sometimes significantly so. These effects originate from that fact that planets do not only
interact with their host star, but with each other as well. Typically, planets are much less
massive than the host star, and often very far apart, and so the effects are negligible. Systems
with massive exoplanets, however, might see TTVs occur more regularly [200]. Additionally,
planets in or near orbital period resonance typically exaggerate this effect, so much so that

known systems with TT'Vs almost always contain planets with orbital periods near resonance

149, 95].

Non-transiting companions can cause TT'Vs in transiting planets. These TTVs can then be
used to predict the mass and orbital period of the companion. In general, TTV detections
are highly valuable because they are very sensitive to orbital period and planet-planet mass
ratio, and they are one of the few methods than can constrain planet mass. Furthermore,
TTV mass measurements are not highly sensitive to host star brightness, and have been

made on systems too dim for RV observations [149].

TTVs do not occur in every, or even many, transiting systems, with only 355 known planets
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exhibiting TTVs out of 4159 known transiting planets (NASA Exoplanet Archive, November
13 2023). The TTV super-period, also, is often a very long time period, and a long baseline
of photometric observations is required to constrain certain companion dynamics. Finally,
TTVs occur by far most often in compact resonant systems, which, while interesting, are

not representative of all exoplanet systems. I perform a detailed analysis of a TTV system,

TOI-1136, in Chapter 4.

1.1.6 Microlensing

Quite distinct from the aforementioned observation methods, microlensing is a promising
detection method that utilizes Einstein’s theory of General Relativity to find distant exoplanets.
Microlensing occurs when a distant star (the lens) passes fortuitously between our line of
sight and a distant, bright object (the source). The event is transient, and lasts only a
short period of time. The result is a time varying brightness profile that is highly distinct.
If the lens contains a planetary companion, the varying lightcurve may see a distinctive

“nano-lensing” event caused by the gravity of the planet [304].

Microlensing events are exceedingly rare, and many possible stars must be monitored at
once for a chance to observe even a single event. Most surveys are focused towards the dense
region of stars toward galactic center. Exoplanets detected by microlensing are typically
very far from Earth, with distances typically around a few kpc, far beyond the sensitivity of
most other detection methods. As a result, microlensing allows us to probe exoplanets that
would normally be impossible to study, though such events are a one-time occurence only,

and follow up is typically impossible.
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1.1.7 Pulsar Timing Variations

Similar to transit timing variations, pulsar timing variations can be used to infer the existence
of exoplanets, as was the case with the first detected exoplanets [397]. Pulsars provide
extremely precise timing measurements, and slight deviations can be used to infer the
existence of exoplanet companions. Planets orbiting pulsars are very rare, however, and

only seven are currently known. Follow-up studies are also typically impossible.

1.2 State of the Field

The field of exoplanet science has come a long way since the first discovery of an exoplanet
orbiting a main sequence star in 1995 [272]. The first exoplanet discoveries were RV exoplanets,
and this continued to be the most common method of discovering exoplanets for more than
a decade. The paradigm shifted with the launch of the Kepler spacecraft, which would
discover 2778 exoplanets over the course of its four year mission. We highlight the paradigm
shift in Figure 1.3. The huge increase in the number of exoplanets was a dramatic change for
the field: rather than study exoplanets on a case by case basis, we could begin to statistically
understand exoplanets. It became apparent that exoplanets are common, with an average

of 0.7 planets per GK dwarf [64], and perhaps more orbiting the common M dwarfs [104].

Today we know of 5,539 confirmed exoplanet candidates, with 7,593 candidates from the
Kepler, K2, and TESS missions yet to be confirmed or ruled out. Now, the field is dominated
by a few larger questions: how do planets form and evolve? How do we explain the
populations we see today? Can any planets beyond Earth host life? Do any planets beyond

Earth host life?
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Figure 1.3: We highlight the evolution of planet discoveries by year. The RV method
maintains a steady stream of discoveries, though the transit method has eclipsed it as the
most efficient way of finding new exoplanets. Image NASA Exoplanet Archive.
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1.2.1 Planet Formation and Evolution

We still have a poor idea of how planets form. Most planet formation theories are based on
the solar nebula theory, first designed to describe the formation of the solar system [276]. In
general there are thought to be three stages of planetary system growth. The first begins with
a proto-stellar disk during star formation. A proto-planetary disk exists too at this stage,
and is thought to be dominated by Van der Waals attraction as dust cools and instabilities
form. The second stage sees the aggregation of cm- to km-sized particles, and is generally
the least well understood, as the underlying physics is complicated and hard to predict. The
third, coagulation stage, is dominated by gravitational interactions between planetesimals

[304].

Pebble accretion is generally thought to influence the formation of giant planet cores during
the early stages of planet formation [231]. During the planetesimal stage, gas giant cores
can develop via collisions [16]. Once a planetesimal has reached a few Mg, it is generally

massive enough to accrete volatiles and develop an envelope or atmosphere.

All astronomical observations in human history represent only a brief snapshot when compared
to the Myr to Gyr lifetimes of exoplanetary systems. Consequently, most systems have had
abundant time to evolve and change throughout their incredibly long histories. To answer
questions about formation, we must also answer questions about system evolution, as the

current snapshot of exoplanetary systems has been inevitably shaped by both.

Inward migration is commonly predicted in system formation simulations [292]. Especially
in multi-planet systems, it is expected that planets, after formation, will migrate inward
and into mean-motion resonance, whether modeled using adiabatic perturbation theory [33],
modified N-body integration [371], or hydro-dynamic simulations [18]. Kepler multi-planet
systems reveal fewer planetary systems in pristine mean-motion resonance, however, than

expected, implying the existence of Myr or Gyr processes that cause such chains to erode.
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Planetesimal scattering [79], secular chaos [307], tidal dissipation [244], and orbital instability
are all plausible explanations. Indeed, with the help of TESS, we are seeing young systems

that maintain pristine orbital chains, suggesting this may indeed be the case [95].

Lower multiplicity systems, too, can exhibit migration, such as the well-studied population
of Hot Jupiters. High eccentricity migration, for example, can often occur when a planet’s
orbit is perturbed into high eccentricity, and the planet circularizes due to tidal interactions
with the star. This generally causes inward migration, and is a plausible explanation for

some Hot Jupiters.

Beyond orbits, it is expected that the size of a planet evolves over time. The observed radius
gap in the exoplant population [134] is likely caused by either atmospheric stripping from the
host star or possibly outgassing of volatiles, or some combination [46]. Such processes tend
to recreate the hierarchy we see in the solar system, with smaller planets on shorter orbital
periods, and larger, gaseous planets further out. There are notable exceptions, however, and

this process is still under study [359, 95].

But the solar system is not all stellar systems, and this had become abundantly clear as more
exoplanets are discovered. Theories of formation and evolution must recreate the observed
population of exoplanets, and this is no simple task. When Mayor & Queloz first discovered
51 Peg b in [272], astronomers were surpirsed to find a planet unlike any we’ve seen in the

solar system: a Jupiter-sized planet orbiting very close to its host star.

More planets have been discovered with no clear analogues in the solar system, such as
super-Earths and sub-Neptunes with radii between 1-4 Rg [58]. In fact, these appear to be
the most common type of exoplanet, despite no representation of either type in the solar
system. Furthermore, we must explain the radius gap [134], which seems to have such an

effect on the divergence of these intermediate-sized planets.

The processes that cause the current exoplanet population to take the form it does now are
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among the top areas of research in the field. And yet, theories require more and higher
precision observations to validate or refuse their hypotheses. Atmospheric observations will
be a big part of this, and to do so unambiguously we must know planet masses to better than
five sigma precision [30]. Thus, methods to enhance the science return of RV observations

(detailed in §1.3) are an essential part of answering these fundamental questions.

1.2.2 Life on Other Planets

Considered by some to be the top goal of exoplanets science, an area of keen interest is
whether or not any exoplanets host biological life. Unable to take measurements in situ,
we are restricted to observing planets from afar, and trying to infer if life indeed exists
among any. The primary method for determining if a planet might host life is atmospheric
observation, and a search for biosignatures or technosignatures. Two principle methods
exist for determining the elemental composition of a planet’s atmosphere: transmission

spectroscopy [i.e. 43, 102] and direct imaging spectroscopy [i.e. 218, 330].

Transmission spectroscopy relies on measuring variations in transit depth at different wavelengths
while a planet transits its host star. In principle, light from the star will be filtered
through the exoplanet’s atmosphere as it travels. Observing spectral features such as
absorption lines can help determine precisely which elements the atmosphere is composed

of. Various chemicals and combinations of chemicals have been proposed as biosignatures

or technosignatures that, when detected, might suggest biotic processes happening on the
surface of the planet [132, 337]. With the successful launch of JWST [143], transmission
spectroscopy of smaller planets is now possible, and already observations of distant atmospheres

have been executed [157, 408].

Transmission spectroscopy has a number of drawbacks. Currently, clouds and hazes are

providing a serious challenge to the interpretation of transmission spectra, as they tend
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to flatten spectral features, reducing the SNR with which they can be recovered [283, 113].
Additionally, high SNR observations are biased towards large planets transiting smaller stars,
making observations of terrestrial planets orbiting anything other than M dwarfs a serious
challenge [214]. Finally, transmission spectroscopy requires a planet to transit, which we
already explained in §1.1.2 is heavily biased towards large, short period planets: not the

kind thought to be amenable to life.

In principle, spectroscopic characterization of a planet’s atmosphere can be obtained via
direct imaging. This requires a target to be imagable, which we explained in §1.1.3 is not an
easy criteria to meet. Most candidates for this observation type face the opposite problems
of transmission spectroscopy: these planets are too distant and cold to plausibly host life.
However, development of next generation, thirty-meter class telescopes is expected to make
imaging smaller, shorter period exoplanets of the nearest stars a possibility. The Habitable

Zone [220, 221] of early M dwarfs will be of particular interest in the search for biosignatures.

Upon successful detection, degenericies that exist in the interpretation of spectral data that
can make a single, unambiguous atmospheric solution difficult to ascertain. An important
solution is the measurement of planetary mass to better than 5o confidence, which is expected
to help distinguish different atmospheric explanations [30]. Except in the case of TTV
systems like TRAPPIST-1 [149], RV measurements are typically required to measure the
mass of an exoplanet. Consequently, RVs will continue to play an important role as we
image the atmospheres of potentially habitable exoplanets, further motivating our need to

address the problems outlined in §1.3.

Currently, no biosignatures on any exoplanet have been detected. With JWST successfully
launched and thirty-meter class telescopes under development, this may change in the next

decade.
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1.2.3 Stellar Activity

One of the greatest challenges facing exoplanet science today is an imperfect understanding of
stellar activity. With the exception of direct imaging, all exoplanet observation methods are
indirect, filtered through their host star. Unfortunately, stars themselves are not perfectly
predictable point sources of light, and a great deal of complicated astrophysics occurs within
the star alone. Consequently, any data we obtain pertaining to exoplanets will inevitably

contain physical signals that originate from the star, not the planet.

Such signals are caused by stellar magnetic activity, star spots, plage, faculae, oscillations of
the stellar surface, and a variety of other effects besides. Great progress has been made in
developing techniques and observation strategies that minimize the effects of stellar activity,
but it is still a significant source of uncertainty in many analyses, and one of the primary

hindrances to detecting Earth-sized exoplanets.

1.3 Analyzing Extremely Precise Radial Velocities

Data analysis in the field of astrophysics has evolved a great deal in the last decade, with
a general shift from frequentist statistics to the newer, more powerful Bayesian approaches
most astronomers utilize today. Exoplanet solutions used to be far simpler, with the earliest
discoveries of high-SNR Hot Jupiters and only a handful of possible explanations of how
the models fit the data. Today, we see a diversity of more challenging systems, with myriad
potential models competing to explain a single time series. One exoplanet system might host
half a dozen planets, and planetary signals might mix with a complicated, coherent stellar
signal. Data today often come from many different sources and instruments. Such models
can easily have dozens of free parameters with broad priors, and hundreds of solutions might

be feasible. The advent of Bayesian statistics and machine learning models are tools that
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can cut through this confusion, leading to sensible, physical results that are well motivated.

RVs in particular remain a very important discovery and characterization tool in exoplanet
astronomy. Precise planet masses are essential for understanding the intricacies of exoplanet
composition, and are equally important for disentangling degeneracies in the interpretation

of transmission spectra and biosignatures, as described in §1.2.2.

RVs remain important as a discovery tool as well. While less efficient than the transit method,
the RV method is sensitive to far more orbital geometries. Upcoming flagship imaging
missions suggested by the Astro Decadal 2020 such as the Habitable Worlds Observatory
[HWO; 383] will require a list of nearby, HZ worlds to perform their primary science directive.
However, such nearby planets are unlikely to transit. Using an optimistic Earth-like exoplanet
occurence rate (1g), [169] conclude that no such exoplanet is expected to transit within 5 pc,
and only 1-20 might transit inside 20 pc. The RV method is currently the only plausible way
to survey for the existence of such planets, with a few promising targets already identified

[GJ 667 C, Proxima Centuari b; 15, 12].

Current candidates are all super-Earth HZ exoplanets orbiting around M dwarfs, as HZ
planets orbiting FGK dwarfs have considerably smaller RV amplitudes, and strain current
RV detection limits. For example, an Earth-sized planet orbiting a sun-like star would

1

have an RV amplitude of 9 cm s™, which is approximately an order of magnitude smaller

than the detection limits of high precision RV instruments [i.e. HIRES, HARPS, HARPS-N;
386, 271, 88].

Next generation instruments have been developed that can probe below the historical 1 m
s~! RV noise floor, with many taking data with single-measurement precisions better than
30 cm s7! [ESPRESSO, NEID, KPF; 303, 336, 145]. We call these instruments Extreme
Precision Radial Velocity (EPRV) instruments. Characterizing exoplanets with amplitudes

below 1 m s~! faces new challanges however, and much work must be done to find small
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exoplanets orbiting our nearest neighbors.

1.3.1 Stellar Activity and EPRV

Historically, exoplanet signals were larger than the stellar activity present in their host stars,
and as we pushed RV instruments to higher precision, we would typically avoid the most
active stellar hosts. Some methods were developed to mitigate the effects of correlated
noise in RV data, but more often scientists prioritized quiet stars where such noise could be
avoided. In the era of EPRV, however, there are no quiet stars. Starspots and plage from
magnetic activity may generate RV signals with amplitudes 1-1000+ m s~! [105], stellar
oscillations in Sun-like stars have typical amplitudes 10-100+ cm s~ [77], and granulation
may add noise at levels of 10+ cm s~! [76]. We can no longer avoid stellar variability, and
so we must learn how to better model and understand it. This is of paramount importance
to the EPRV community, as the 2020 Astro Decadal has emphasized that “precise radial
velocities will identify terrestrial exoplanets orbiting nearby stars, determine when they are
situated at quadrature, and remove degeneracies from the interpretation of atmospheric
spectra features,” and that EPRV must “reach a single measurement precisions of 10 cm

5717 [290]. Techniques must be developed to mitigate correlated noise.

Correlated noise can be mitigated in a variety of ways, and observables extracted via Doppler
observations can help in the process. The simplest way to represent noise is to adopt a
“jitter” term, usually Gaussian distributed and added in quadrature to each RV’s uncertainty
[122], though this does little to solve the problem of correlated noise, and rarely works
beyond the simplest of situations. [115] took advantage of the different wavelength RVs
available from HARPS data of 7 Ceti: Keplerian signals are expected to be consistent across
wavelength bands, but stellar activity-based signals will not. Another way to deal with

stellar activity is to decorrelate the velocities to one or more indicators of stellar activity.
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[158] investigated three different activity indicators in simulated RV datasets, including
cross-correlation function (CCF) width, bisector span (BIS), and flux from the calcium II
H&K lines (log Ry, ). These indicators usually represent some tracer of stellar magnetic
activity that isn’t expected to be affected by the RV reflex motion on spectral lines. For
example, log R, is affected by rotationally-modulated atmospheric phenomena, but not by
planetary orbits. These decorrelation methods can be very powerful, but still have significant
limitations. Different types of activity can have different effects on these indicators, and good
quality estimates of all indicators are not always available. Activity can also have effects on

RVs and indicators that are out of phase, leading to results that are misleading at best.

Perhaps the current most effective technique at mitigating the effects of stellar activity
on RVs is Gaussian Process (GP) Regression [10]. GP models today are a common tool
for disentangling stellar signals from planetary ones, as their versatility allows them to be
applied to a wide array of astrophysical situations. GPs are stochastic models consisting of
a mean function py(x) and a covariance, autocorrelation, or “kernel” function ke (x,, ).
These functions are parameterized by the orbital parameters 6 as well as additional GP
“hyperparameters” . The likelihood of a collection of data points (y1, ya, ...yn) corresponding

to sampling times (z1, Z2, ...xyN) is given by

1 1 N
InL£(0,a) =Inp(y|x,0,a) = —§rglC_1T9 ~3 Indet K — 5 In(27) (1.6)

where

ro = (y1 — po(21), -..y2 — p1o(22)) (1.7)
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and the covariance matrix IC is an N x N dimensional matrix given by

Knm = ka(@n, Tm) (1.8)

Studies have consistently shown the effectiveness of GPs for modeling stellar activity, especially
those where the GP is trained on photometry taken contemporaneously with RVs [e.g.
173, 312, 248]. GPs can also be trained on log R/, -, Ha values, or other activity indicators.
Most scientists consider a GP trained on simultaneous RVs and photometry the best activity
mitigation method, but the aforementioned activity indicators can be used as excellent sanity

checks, or can help constrain troublesome model parameters.

1.3.2 Machine Learning in EPRV

The concept of machine learning is becoming ever more important in the field of exoplanet
astronomy. As we probe for smaller and smaller signals in data, planets and other important
features become far more difficult for a human to discover un-aided. Astronomical data has
also grown in quantity such that no human can possibly study it all, and we must rely on
algorithms and computers to identify promising exoplanets. Less sophisticated algorithms,
such as the Generalized Lomb-Scargle periodogram [GLS; 404] have long been used to identify
periodic signals in RV data. Photometric equivalents such as the boxed least squares [BLS;
85] and transit least squares [178] algorithms provide an automated tool to identify transit-

like signals in photometric data as well.

More recently, more traditional machine learning algorithms have been deployed on exoplanet
datasets, such as a deep neural network to discover the 8" planet in Kepler-90 [341], or an

unsupervised learning model to estimate stellar oscillations in Kepler stars [100].
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In the context of EPRV, machine learning can be a powerful tool for modeling stellar activity
that contaminates RV data. In general, our knowledge of the physical stellar parameters that
imprint correlated noise in RV data is incomplete. We cannot resolve any stars beyond the
Sun with current capabilities, and we cannot know their spot configurations or take in situ
measurements of magnetic cycles. Consequently, modeling this unknown noise source is an
unsupervised learning problem, as our model will attempt to learn the best correlated noise
model that maximizes the model likelihood. As mentioned in §1.3.1, GPs are a popular
choice to perform this function, and are currently the standard correlated noise model used
in RV analysis. An important decision one must make when utilizing a GP is the choice of
kernel function. The GP kernel, as is apparent in Equation 1.6, can have a dramatic effect
on the covariance matrix and model likelihood. Dozens of GP kernels see common use in
a variety of computational fields today, each with different strengths and weaknesses. For
example, the documentation of PyMC3, a popular inference package in astronomy as well as
other fields, lists about a dozen GP kernels in detail [329]. Furthermore, GP kernels can be

arithmetically combined in general to generate new kernels.

The field of exoplanet astronomy utilizes a few different GP kernels regularly, though the
Quasi-Periodic GP kernel is probably the most commonly used in RV science [173, 248].
GP models, in general, are not physical, and their hyperparameters do not have physical
meaning. This is undesirable, as it restricts our ability to apply informed priors based on
physical knowledge of the system. Thus, it is desirable to choose a GP kernel that somewhat
resembles a physical model, and this is the primary reason the Quasi-Periodic GP kernel is

regularly used. The kernel is given by:

2 (7T
|, — a2 sin? ()
Koy = xconp = B0 - (19)
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Where K(z;,z;) is the ij' entry of the covariance matrix, . 7, also known as the GP
amplitude, simply represents the amplitude of the quasi-periodic variability. In the case of

RV data, this is usually in units of m s

7o is approximately the lifetime of a spot on
the surface of a star, often called the exponential decay length. It generally constrains the
lifetime of an active region, and is given in units of time (often days). n3 is the periodic
component of the GP, and generally represents how often the structure repeats itself. This
is often well represented by the stellar rotation period, or sometimes one of its harmonics.
This is usually reperesented in units of days. Finally, n, is known as the periodic scale
length, and is dimensionless. This is the least interpretable of the hyperparameters, and
approximately represents the inverse of the number of mini-periods that occur inside one

time scale of length n3. For example, if 3 were one hundred days, and 1, = 0.5, one would

expect to see a ~ 50 day periodicity with some varying amplitude.

Visible in Equation 1.6, evaluating a GP likelihood requires inverting the covariance matrix,
K. In general, inverting an N x N matrix takes O(N?) time, which means that GP likelihood
evaluations quickly become intractable for large datasets. RV datasets are often sparse, and
so the Quasi-Periodic kernel still sees a great deal of use in the community, but as time series
for RV targets grow larger, and the number of free parameters (instruments) continues to
grow, the Quasi-Periodic kernel may become intractable. Furthermore, photometric datasets
are generally very large compared to RV, and usually impossible to model with a Quasi-

Periodic kernel in any reasonable amount of time.

1.3.3 New GP Kernels

[123] have developed an alternative GP process that scales with O(N) in general and is far
more practical for photometric datasets and large RV datasets. The drawback, however, is

that GP kernels constructed using this celerite process are more difficult to interpret, and
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are often too flexible. The result can be a process that fits the data too well, and lacks
predictive ability. Our ability to constrain certain GP hyperparameters prior to modeling

using physical knowledge of the system can also contribute to overfitting.

Alternatively, [74] have developed an expansion of the Quasi-Periodic kernel during their
analysis of AU Mic. Unlike exoplanetary reflex motion, stellar variability is known to be
chromatic [90, 323]. Most recent EPRV analysis sees data taken from multiple instruments,
and many instruments extract velocity information from different wavelength regions. Consequently,
even if observing an active star simultaneously, an optical RV spectrograph and an infrared
RV spectrograph would likely see very different variability amplitudes. Thus, the single
amplitude hyperparameter 7; would imperfectly describe at least one dataset, and probably
both. [74] introduce two new expansions of the Quasi-Periodic kernel. The first gives each

RV instrument an amplitude term of its very own. It is given by

Here, 1) is the amplitude hyperparameter of whichever spectrograph took data at observation
i, and 7(;)) for observation j. The term in brackets is the exponential portion of Equation 1.9.
This kernel enforces covariance between observations from different instruments, and allows
for instruments to have different activity amplitudes. This is desirable as it can help prevent
overfitting, and is physically motivated. This can increase the number of free parameters in
a model by a fair bit, however, and can be less desirable for that reason. [74] also suggest

another GP kernel as an alternative:
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Koz, xj) = ng * ( )\i/\j) ... (1.11)

This GP kernel requires that one assign an “effective wavelength” to each instrument, often
the central wavelength, or region of highest throughput. Omne then chooses one of the
wavelengths arbitrarily to be Ag. This model only adds two new free parameters, 7y, the
amplitude at the effective wavelength, and 7,, a dimensionless scaling term that controls
the wavelength dependence of the activity. This kernel is convenient because it enforces the
expected physical dependence on wavelength of chromospheric activity, and it only adds two

amplitude free parameters, regardless of how many instruments are included in the fit.

Throughout this dissertation, I use the celerite kernels in Chapters 2, 3, and 5, and I use
the chromatic I j; kernel during analysis in Chapters 4, 5, and 6. I use the Quasi-Periodic
kernel, or its chromatic expansion I j;; when possible, though photometric datasets can only

truly be utilized with celerite.

1.3.4 Photometric Data and EPRV

As mentioned previously in §1.3, training a GP activity model on photometry is often
desirable, especially if photometry is taken simultaneously with the RV data. This is
primarily because certain underlying physical processes imprint on both photometric and RV
datasets, for example starspots. It can be much easier to separate the stellar variability and
planetary components in photometric data than in RV data for two reasons. First, transits
have a distinctive dip shape that occurs periodically in photometry, while spot induced
effects on photometry tends to exhibit decaying sinusoidal behavior. These processes are

much easier to distinguish in photometry than in RVs, where both activity and exoplanetary
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reflex exhibit approximately sinusoidal fluctuations. Second, photometry is typically of much
higher cadence than RV data. For example, TESS and Kepler both see short cadence
observations every ~ two minutes. In contrast, obtaining one RV observation of a target

every day would be considered very high cadence.

Translating information from photometry to RV data can be done in a variety of ways.
One can fit a GP model to photometry and use the posteriors as priors for an RV fit.
In the case of the Qausi-periodic kernel, this can be applied to 7y, 13, and n4, though
photometry cannot inform the amplitude of RV activity as it is of different dimension. The
other three hyperparameters are associated with periodic structure, and should apply to
both photometric and RV datasets, though with a likely phase shift. [5] provide a method
for translating photometric activity amplitude to RV amplitude using a simple spot model,
though it depends on knowledge of a few free parameters not generally known, such as

fractional spot coverage, and has limited predictability.

Another method involves jointly fitting RV and photometric datasets. There are multiple
examples of such fits in literature [173, 28], and I also perform such analyses in Chapters
4 and 5. The advantages of this method are that it generally provides the most robust
picture of the stellar variability, as the model likelihood will be influenced both by RV
and photometric data simultaneously, providing live feedback during inference. The main
drawback is that this method is the most computationally costly, as it is high dimensional
and uses all data simultaneously. We discussed in §1.3.3 that such a high dimensional dataset
is not tractable to use with the Quasi-periodic kernel, and one is forced to utilize alternatives,

such as celerite. These kernels are less interpretable, which we deem less desirable.

Even with photometric data available, it is not clear which methods or datasets are best
to use to mitigate stellar variability in RV datasets. This is the primary question I seek to
answer in Chapters 5 and 6. For example, older Kepler photometry is more precise than

more recent TESS photometry, and preserves longer period signals. It is also old, however,
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and may be less predictive considering that spots tend only to live for a few rotations of
a Sun-like star, ~ 100 days [147]. Which dataset proves superior to train upon may also
be contingent upon the quality and quantity of the simultaneous RVs. I perform a series
of injection recovery tests for a variety of active targets I have determined would make an
excellent test case for this question. I expect the results to have lasting implications for future
EPRV work, as photometric datasets are one of the most powerful ways to mitigate stellar
variability in RVs, and future photometric missions will continue to provide photometry for

RV targets in the future.

1.4 Dissertation Organization

My dissertation is organized into seven chapters. Chapter 2 is focused on two TESS M dwarf
systems [ characterized using the HPF spectrometer and ground-based follow up transit
photometry. Chapter 3 is the detailed analysis of another TESS system that hosts an Earth-
sized exo-Venus and a non-transiting companion. Chapter 4 is my analysis of a young TESS
system with seven possibly transiting planets. This system utilized a huge quantity of RVs,
a stellar activity model, and a dynamical TTV model to characterize this important, high-
multiplicity system. Chapter 5 is an in-progress publication focused on the super Earth
Kepler-21, the brightest known Kepler system. We utilize new RVs and activity models to
improve the planet mass, and we test the sensitivity of the solution when trained on Kepler,
TESS, or both. Finally, I expand my Kepler-21 analysis to eight targets chosen to test the
sensitivity of photometric training datasets, as well as the utility of simultaneous, precise
RVs, in Chapter 6. Chapters 2, 3, and 4 are published works that are include unadulterated,

though I add a foreword to give context. I include a summary and conclusion in Chapter 7.

28



Chapter 2

TOI-1696 and TOI-2136:
Constraining the Masses of Two

Mini-Neptunes with HPF

2.1 Foreword

Today, the Transiting Exoplanet Survey Satellite (TESS) is providing near-constant high
precision photometry of thousands of bright, nearby stars [319]. TESS has already flagged
more than 7000 TESS Objects of Interest (TOIs) as potential exoplanets, but additional
follow-up is necessary to validate their planetary nature. The transit method is especially
susceptible to false positive scenarios [131] when utilizing the large pixels of TESS (21"), and
additional data is typically required to validate the planetary nature of a TOI. Beyond ruling
out false positives, additional ground-based follow-up is necessary to measure planetary

parameters not typically accessible via photometry alone, such as planet mass and density.

The transit and radial velocity (RV) method together are especially sensitive to discovering
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planets orbiting cooler, redder M dwarfs, the most common type of star in the galaxy [176].
Planets orbiting these late-type stars can make for unique science cases and climates [345],
and are generally less studied than main sequence FGK stars, despite evidence that their

population is distinct [104, 205].

Here we leverage TESS and ground-based photometry in conjunction with RV observations
to validate two transiting M dwarf planets identified by TESS: TOI-1696b [282] and TOI-
2136b. Both planetary systems see a refinement of their orbital parameters by utilizing

knowledge from these photometric and RV datasets in conjunction.

TOI-1696 is a mid M dwarf (M4.5, V=16.8) with particularly deep transit events. The cool,
small nature of the star and the relatively large transit depth suggest that this planet is an
unusually large (~ 3 Rg) mini-Neptune considering its host star’s temperature (T.g=3168
K)—planets larger than 2.8 Rg become quite rare around cool stars [104, 171, 188]. [282]
highlighted several attractive features of the system: it has a high Transmission Spectroscopy
Metric [TSM; 214] considering the cool nature of the star, and the planet is near the
Neptunian desert [274]. An exoplanet that is unusually large, approaching the Neptunian
desert, and that can be atmospherically studied can help explain or rule out planet formation

scenarios, and our understanding of planetary evolution.

TOI-2136 is an early to mid M dwarf (M3, Tes = 3366 K, V=14.3). The candidate planet
is a small mini-Neptune (~ 2 Rg); with an estimated equilibrium temperature of 403 K,
TOI-2136b falls into a regime that allows for the existence of liquid water oceans beneath
its gaseous envelope. TOI-2136’s bright, close nature also puts this candidate planet in a
potentially exciting region of parameter space for the detection of biosignatures: For example,
TOI-2136b is an excellent candidate for a “cold Haber World,” a unique environment where
life could exist in oceans beneath a massive H/He envelope by combining hydrogen and
nitrogen in the “Haber” process [338]. Such a process generates a detectable amount of

ammonia, and TOI-2136b is not expected to produce ammonia in any other way.
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In Section 4.2, we give a summary of the data used in our analysis. In Section 5.3, we detail
our estimation of each system’s stellar parameters. In Section 6.4, we detail the software
and assumptions made during our analysis, and steps taken to measure the planetary and
orbital parameters. In Section 6.5, we discuss our findings, and the implications for each

system. Finally, Section 6.6 summarizes our results and conclusions.

2.2 Observations

2.2.1 TESS

TOI-1696 was observed by TESS during Sector 19 (2019 November 27 - 2019 December 24)!.
It was observed for 27 days by CCD 2 of camera 1 in 2-minute cadence mode. It was then
processed by the MIT Science Processing Operations Center (SPOC) pipeline [198], and was
announced as a TOI on January 25, 2020, identifying a 2.5 day periodicity as TOI-1696.01.

Photometry taken during Sector 19 is shown in Figure 2.1.

Similarly, TOI-2136 was observed in Sector 26 (2020 June 8th - 2020 July 4th) during TESS’s
nominal mission, and Sector 40 (2021 June 24th - 2021 July 23rd) during TESS’s extended
mission, in 2-minute cadence mode with CCD 1 of camera 12. A 7.85 day planet candidate
was identified on 2020 August 27 as TOI-2136.01. The target is also listed in Sector 14
by the Web-TESS Viewing Tool, but follow-up using the TESS-point [65] software package
confirms that the target fell in a gap between CCDs during that Sector. Both observed
sectors were processed using the SPOC pipeline and used for our subsequent analysis. We
use the Pre-Search Data Conditioning Simple Aperture Photometry (PDCSAP) flux in our

analysis. A plot of both sectors of TESS photometry for TOI-2136 is visible in Figure 2.2.

11696 DV: https://tev.mit.edu/data/atlas-signal /i165570/
22136 DV: https://tev.mit.edu/data/atlas-signal /i177995/
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Sector 19 Photometry of TOI-1696
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Figure 2.1: Sector 19 TESS PDCSAP flux of TOI-1696, reduced using the SPOC pipeline.
A model representing the transits of planet b is indicated by a solid red line.
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Sector 26 Photometry of TOI-2136 Sector 40 Photometry of TOI-2136
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Figure 2.2: Sector 26 and 40 PDCSAP flux of TOI-2136. A model representing the transits
of planet b is visible as a solid red line.

It should be noted that the Sector 40 photometry of TOI-2136 has several large gaps. The
central data gap at ~ BJD 2459405 is a standard data downlink. The other gaps, most
notably BJD 2459396-2459399, BJD 2459411-2459413, and a small gap around BJD 2459414
are all due to an attitude adjustment of the spacecraft as described in the TESS Mission

Handbook. These data were not used during the analysis.

2.2.2 Ground Based Photometric Follow-up

Ground based photometric follow-up is often necessary to validate the planetary nature of
candidates flagged by TESS as TOIs [359, 72]. In addition to confirming signals, these follow-
up transits provide tighter constraints on transit parameters for the candidate planets (e.g.
[204]). We detail the photometric follow-up for these two planet candidates using ground

based resources in the next section.
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RBO

We observed a transit of TOI-1696 on the night of 2020 December 27 using the 0.6 m
telescope at Red Buttes Observatory (RBO) in Wyoming [207]. The RBO telescope is a
f/8.43 Ritchey-Chrétien Cassegrain constructed by DFM Engineering, Inc. It is currently

equipped with an Apogee ASPEN CG47 camera.

The target rose from an airmass of 1.092 at the start of the observations to a minimum
airmass of 1.009, and then set to an airmass of 1.419 at the end of the observations.
Observations were performed using the Bessell 1 filter with 2 x 2 on-chip binning. We
defocused moderately, which allowed us to use an exposure time of 120s. In the 2 x 2
binning mode, the 0.6m at RBO has a gain of 1.27e/ADU, a plate scale of 1.05”, and a

readout time of approximately 2s.

During data reduction we used a 9 pixel (9.5”) aperture and an annulus with an inner radius

of 16 pixels (16.8”) and an outer radius of 24 pixels (25.2").

We note that the latter observations seem to be affected by particularly high scatter. Analysis
of airmass correlation doesn’t resolve this issue, and so we conclude that the observations
were possibly affected by clouds or poor seeing towards the end. The high scatter does not
have a significant effect on our measured parameters, however, as it seems to be concentrated

after egress. We leave the points for completeness.

Plots of RBO data are visible in Section 3.4.1, where they are analyzed.

ARCTIC

We observed transits of TOI-1696 and TOI-2136 on the nights of 2021 January 1 and 2020

October 5, respectively, using the Astrophysical Research Consortium (ARC) Telescope
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Imaging Camera [ARCTIC; 190] at the ARC 3.5 m Telescope at Apache Point Observatory
(APO). To achieve precise photometry on nearby bright stars, we used the engineered diffuser

described in [360].

The airmass of TOI-1696 varied from 1.040 to 1.384 over the course of its observation on
2021 January 1. The observations were performed using the SDSS i’ filter with an exposure
time of 20s in the quad-readout and fast readout modes with 4 x 4 on-chip binning. In the
4 x 4 binning mode, ARCTIC has a gain of 2e/ADU, a plate scale of 0.468 ”/pixel, and a
readout time of 2.7 s. We initially defocused to a FWHM of 4.4”. For the final reduction,
we selected a photometric aperture of 8 pixels (3.7”) and used an annulus with an inner

radius of 20 pixels (9.4”), and an outer radius of 30 pixels (14.0").

The airmass of TOI-2136 varied from 1.016 to 1.420 over the course of its observation on
2020 October 5. The observations were performed using the SDSS i’ filter with an exposure
time of 15.3s in the quad-readout and fast readout modes with 4 x 4 on-chip binning. For
the final reduction, we selected a photometric aperture of 17 pixels (8.0”), and an annulus

with an inner radius of 32 pixels (15.0”) and an outer radius of 48 pixels (22.5").

Plots of ARCTIC data are visible in Section 3.4.1, where they are analyzed.

2.2.3 Radial Velocity Follow-Up with the Habitable Zone Planet

Finder

We observed both targets using HPF [262, 263], a near-infrared (8080 — 12780 A), high
precision RV spectrograph located at the 10 m Hobby-Eberly Telescope (HET) in Texas.
HET is a fixed-altitude telescope with a roving pupil design. Observations on the HPF
are queue-scheduled, with all observations executed by the HET resident astronomers [344].

HPF is fiber-fed, with separate science, sky and simultaneous calibration fibers [203], and
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has precise, milli-Kelvin-level thermal stability [358].

To estimate the RVs, we use a modified version of the SpEctrum Radial Velocity AnaLyser
pipeline [SERVAL; 405], reduced using the method outlined in [357]. SERVAL matches templates
to the obtained spectra to create a master template from all observations, and then minimizes
the y2 statistic to determine the shifts of each observed spectrum. This method is widely used
for M dwarfs, where line blends make the binary mask technique less effective [e.g., 13]. We
create a master template for each target from all it observed spectra. We mask telluric and
sky-emission lines during this process. We calculate a telluric mask based on their predicted
locations using telfit [162], a Python wrapper to the Line-by-Line Radiative Transfer
Model package [83]. Despite their proximity to Earth, both targets are relatively faint. As a
result, sky-fiber spectra were subtracted from the observations. Analyses were run on both
sky-subtracted and non-sky-subtracted RVs to ascertain the effect of this correction. The
final analysis results did not differ meaningfully between the runs. We adopt sky-subtracted
RVs for both systems due to their faintness, and the long exposure times of both targets.

We use barycorrpy to perform barycentric corrections [206].

RVs of TOI-1696 were obtained between 2020 September 27 and 2021 February 25. During
this interval we obtained 30 unbinned RVs, taken over 10 observing nights. Each unbinned
spectrum was observed for 650 seconds, with an average signal to noise ratio of 33.8. The
average RV error was 34.7 m s~ (unbinned) and 19.9 m s™' (binned). The nightly binned
RVs are visible in Table 2.1.

RVs of TOI-2136 were obtained between 2020 August 13 and 2021 September 19. We
obtained 81 unbinned RVs of this system, taken over 27 observing nights. Each observation
lasted for 650 seconds. The average signal to noise ratio was 81.7. The mean uncertainty of
all of the observations is 14.1 m s~ (unbinned) and 8.0 m s~* (binned). A truncated list of

nightly binned RVs can be seen in Table 2.2.
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Table 2.1: HPF RVs of TOI-1696

BJDrpg (days) RV (m s™) orv (ms™)
2459119.84652 | 8 16
2459124.83479 | -19 14
2459182.67317 | 34 17
2459187.88823 | -27 19
2459210.59442 | 4 25
2459216.79185 15 22
2459232.76200 | 29 17
2459237.74584 | 44 19
2459238.74103 | 23 28
2459270.64775 | -65 21

Table 2.2: HPF RVs of TOI-2136

BJDtpg (days) RV (m s 1) orv (ms™)
2459074.79705 | -13 7
2459087.75569 | 17 6
2459089.75413 | 9 6
2459090.74571 | 0 8
2459095.73448 | -1 6
2459098.72963 | 5 8
2459118.68079 | 16 8
2459123.65313 | -1 )

Continued on next page
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Table 2.2 — continued from previous page

First column | Second column | Third column

2459125.65859 | -8 6
2459129.63709 | -11 7

2.2.4 High Resolution Imaging

ShARCS on the Shane Telescope

We observed TOI-1696 and TOI-2136 using the ShARCS camera on the Shane 3 m telescope
at Lick Observatory [353]. TOI-1696 was observed using the Kg filter on the night of 2020
November 29. TOI-2136 was observed using the Kg filter and J filter on the night of
2021 May 28. Both targets were in a brightness regime where Laser Guide Star (LGS)
mode is helpful, but this function was unavailable on both nights due to instrument repairs.
Fortunately, conditions were good enough in both cases, and Natural Guide Star (NGS)
mode proved to be sufficient. Both targets were observed using a 5 point dither process as

outlined in [136].

The raw data are reduced using a custom pipeline developed by our team [359, 204]. Our
reduction first rejects all overexposed or underexposed images, and we manually reject files
we know to be erroneous from our night logs (lost guiding, shutters in frame, etc). We then
apply a standard dark correction, flat correction, and sigma clip. We produce a master sky
image from the 5 point dither process, and subtract this sky from each image. A final image

is then produced using an interpolation process to shift the images onto a single centroid.

We then generate a 5 sigma contrast curve using algorithms developed by [110] as the final
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Figure 2.3: Left: 5o contrast curve of TOI-1696 taken using the ShARCS camera at Lick
Observatory on 2020 November 29 in the K, band. Right: 5o contrast curves of TOI-2136
taken using the K, and J filters. The data were taken on 2021 May 28.

part of our analysis. For TOI-1696, we detect no companions at a AKs = 2.3 at 0.3” and
AKs = 5.4 at 5.9”. For TOI-2136, we rule out companions with a AKs = 2.4 and a AJ =
3.3 at 0.2"”, and out to AKs = 7.8 and AJ = 8.7 at a distance of 5.9”.

NESSI at WIYN

In addition to Shane AO data, we acquired high-contrast imaging data for TOI-2136 with
speckle imaging observations taken on 1 April 2021 using the NN-Explore Exoplanet Stellar
Speckle Imager (NESSI) on the WIYN? 3.5m telescope at Kitt Peak National Observatory.
To rule out additional close, luminous companions, we collected a 9 minute sequence of 40 ms
diffraction-limited exposures of TOI-2136 with the »" and 2’ filters. As we show in Figure 2.4,
the NESSI data show no evidence of blending from a bright companion down to a contrast

limit of Amag = 4 at 0.2” and Amag= 5.5 at 1”.

3The WIYN Observatory is a joint facility of the NSF’s National Optical-Infrared Astronomy Research
Laboratory, Indiana University, the University of Wisconsin-Madison, Pennsylvania State University, the
University of Missouri, the University of California-Irvine, and Purdue University.
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Figure 2.4: Images and contrast curves of TOI-2136 taken using the NN-Explore Exoplanet
Stellar Speckle Imager (NESSI) on April 1, 2021. Data were taken in the 7’ and 2’ filters,
and companions were ruled out to a distance of 1”.

2.3 Stellar Parameters

We used a similar method to that in [357], Jones et al. (2023, in prep) to estimate T.g, log g,
and [Fe/H| values of the host stars from their spectra. The HPF-SpecMatch code, based
on the SpecMatch-Emp algorithm from [402], compares the high resolution HPF spectra of
both targets to a library of high SNR as-observed HPF spectra, which consists of slowly-
rotating reference stars with well characterized stellar parameters from [402] and an expanded

selection of stars from [265] in the lower effective temperature range.

We shift the observed target spectrum to a library wavelength scale and rank all of the targets
in the library using a x? goodness-of-fit metric. After this initial x? minimization step, we
pick the five best matching reference spectra for each target: GJ 3991, PM J08526+2818,
GJ 402, GJ 3378, and GJ 1289 in the case of TOI-1696; GJ 251, GJ 581, GJ 109, GJ 436,
and GJ 4070 in the case of TOI-2136. From these, we construct a weighted spectrum using
their linear combination to better match the target spectrum (Jones et al., 2023, in prep).
A weight is assigned to each of the five spectra for each respective target. We then assign

the target stellar parameter Teg, log g, and [Fe/H] values as the weighted average of the five
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best stars using the best-fit weight coefficients. Our final parameters are listed in Table 2.3.

These parameters were derived from the HPF order spanning 8670A- 8750A.

We artificially broadened the library spectra with a v sini broadening kernel [155] to match

the rotational broadening of the target star. We determined both TOI-1696 and TOI-2136

to have vsini broadening values of < 2 km/s.

We used EXOFASTv2 [108] to model the spectral energy distributions (SED) of both systems

to derive model-dependent constraints on the stellar mass, radius, and age of each star.

EXOFASTv2 utilizes the BT-NextGen stellar atmospheric models [8] during SED fits. Gaussian

priors were used for the 2MASS (JHK), SDSS (¢'r'i'), Johnson (BV), and Wide-field

Infrared Survey Explorer magnitudes (WISE; W1, W2, W3, and W4) [398]. Our spectroscopically-

derived host star effective temperatures, surface gravities, and metallicities, were used as

priors during the SED fits as well, and the estimates from [21] were used as priors for

distance. We utilize estimates of Galactic dust by [156] to estimate the visual extinction

for each system. We convert this upper limit to a visual magnitude extinction using the

R, = 3.1 reddening law from [116]. Our final model results are visible in Table 2.3.

Table 2.3: Stellar Parameters for TOI-1696 and TOI-2136

Parameter Name Description TOI-1696 TOI-2136 Reference

Identifiers

TOI TESS Object of Interest 1696 2136 TESS Mission

TIC TESS Input Catalog 470381900 336128819 TICv8

Gaia GATA Mission 270260649602149760 | 2096535783864546944 | Gaia EDR3

2MASS 2MASS Identifier J04210733+4849116 | 18444236+43633445 2MASS
Coordinates

72016 Right Ascension (deg) 65.28065076(0) 281.17633745(6) Gaia EDR3

472016 Declination (deg) 48.81982851(7) 36.56315642(6) Gaia EDR3

Lo Proper Motion RA (mas yr—1) 12.874+0.03 -33.80+£0.02 Gaia EDR3

s Proper Motion DEC (mas yr—!) | -19.0440.03 177.0540.02 Gaia EDR3
Magnitudes

A% Johnson V Magnitude 16.8+1.1 14.34+0.2 TICv8

Continued on next page
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Table 2.3 — continued from previous page

Parameter Name Description TOI-1696 TOI-2136 Reference
B Johnson B Magnitude 18.5+0.2 15.8£0.1 TICv8, APASS DRI10
J-band Magnitude 12.23+0.02 10.18+0.02 TICv8

H H-band Magnitude 11.60£0.03 9.60£0.03 TICv8

Ks Ks-band Magnitude 11.334+0.02 9.34+0.02 TICv8

g’ Sloan g’ Magnitude 17.5840.03 14.940.2 APASS DR10

r Sloan r’ Magnitude 16.240.1 13.240.3 APASS DR10

i’ Sloan i’ Magnitude 14.6140.03 11.94+ 0.3 APASS DR10

W1 WISE 1 Magnitude 11.134+0.02 9.19+0.02 TICv8

w2 WISE 2 Magnitude 10.984+0.02 9.05+0.02 TICv8

W3 WISE 3 Magnitude 10.7140.01 8.92+0.03 TICv8

W4 WISE 4 Magnitude 8.8% 8.76+0.02 TICv8

T TESS Magnitude 13.966+0.007 11.7374+0.007 TICv8
Spectroscopic Parameters

Tetr Stellar Effective Temperature 3214469 3443469 This Work

[Fe/H)] Stellar Metallicity 0.254+0.12 -0.08+0.12 This Work

log g Log Surface Gravity 4.96+0.04 4.9140.04 This Work
Model Parameters®

Teor Stellar Effective Temperature 31681’32 33661’2‘? This Work

[Fe/H] Stellar Metallicity 0.1940.09 -0.0275-97 This Work

log g Log Surface Gravity 4.96+0.03 4.9240.03 This Work

M Stellar Mass (Mg) 0.27£0.02 0.34+£0.02 This Work

R, Stellar Radius (Rg) 0.287+0.008 0.335+0.009 This Work

L. Stellar Luminosity (L) 0.0075+0.0002 0.013070-0502 This Work

Px Stellar Density (cgs) 16.3f%‘§ 12.68J_r8'_§§ This Work

Age Stellar Age (Gyr) 7.1+£4.6 7.57:1:% This Work
Other Parameters

vsinig Rotational Velocity (km s~1) <2 <2 This Work

A RV Stellar Radial Velocity (km s~1) | -4.140.1 0.0+0.1 This Work

d Distance (pc) 64.62+0.14 33.33£0.02 This Work
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2.4 Analysis

As detailed in Section 4.2, we have obtained photometry (TESS, RBO, ARCTIC) to constrain
the transit events of TOI-1696 and TOI-2136, as well as RV data (HPF) to constrain the
orbital parameters of each planetary system. Final parameter estimation is taken from a
joint fit between the photometry and the RVs for both systems. In this joint fit, a few
of the orbital parameters are shared: period, transit time, eccentricity, stellar mass, and
inclination. Most of these parameters are quite well constrained prior to our joint modeling.
Period and transit time are tightly constrained by the SPOC pipeline [198], the inclination
must be close to 90° by necessity, and the stellar mass is estimated to > 15% precision from
our SED fits. A detailed summary of priors is visible in Table 2.4. Because most shared
parameters are already tightly constrained, we do not expect a joint fit to be significantly
better than individual transit and RV fits. Indeed, we did run individual RV and transit fits
of this system, and found the estimated posteriors to have no significant difference from the
joint fits. Nonetheless, we adopt a joint fit as our best fit, as it is the single model with the

most complete description of each system.

Table 2.4: Priors Used for Various Models

Parameter Name Prior Units Description

TOI-1696:

Orbital Parameters

Py N“(2.5007,0.1) days Period

Te N(2458816.697706,0.1) | BJD (days) | Transit Time

e 0 (Fixed) Eccentricity

w 90 (Fixed) degrees Argument of Periastron
Ry/R. log N'(—2.211, 1.0) Scaled Radius

b u*(0.0,1.0) Impact Parameter

Ky 4(0.01,100) m s} Velocity Semi-amplitude

Instrumental Parameters
YHPF U(—100, 100) m s} Instrumental RV Offset
AHPF U(—100, 100) ms~!yr=1 | RV Trend

Continued on next page
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Table 2.4 — continued from previous page

Parameter Name Prior Units Description

OHPF 1(0.01,100) ms™! RV Jitter

OTESS log N'(—7.58,2) Photometric Jitter

OARCTIC log N'(—11.68,2) Photometric Jitter

ORBO log N'(—8.50, 2) Photometric Jitter

YTESS N(0.0,10.0) Photometric Offset

YARCTIC N(0.0,10.0) Photometric Offset

YRBO N(0.0,10.0) Photometric Offset

UTESS Ke Quadratic Limb Darkening

UARCTIC K Quadratic Limb Darkening

URBO K Quadratic Limb Darkening

DilTgss Uu(0,2) Dilution

S U(0,10) RBO Jitter Scale
TOI-2136:
Orbital Parameters

P, N(7.851866,0.1) days Period

T. N (2459017.704899,0.1) | BJD (days) | Transit Time

e 0 (Fixed) Eccentricity

w 90 (Fixed) degrees Argument of Periastron

Ry/ Ry log N'(—2.71,1.0) Scaled Radius

b 4(0.0,1.0) Impact Parameter

Ky U(0.01,100) ms~?! Velocity Semi-amplitude
Instrumental Parameters

YHPF U(—100, 100) m st Instrumental RV Offset

YHPF U(—100,100) ms~!yr~1 | RV Trend

OHPF 4(0.01, 100) m s} RV Jitter

OTESS log N'(—7.94,2) Photometric Jitter

OARCTIC log N'(—6.21,2) Photometric Jitter

YTESS N(0.0,10.0) Photometric Offset

YARCTIC N(0.0,10.0) Photometric Offset

UTESS K Quadratic Limb Darkening

UARCTIC K Quadratic Limb Darkening

Dilrgss U(0,2) Dilution

2N is a normal prior with N (mean,standard deviation)

U is a uniform prior with U (lower,upper)

°K is a reparametrization of a uniform prior for limb darkening, outlined in [216]
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2.4.1 Transit Analysis

Both systems’ photometry were analyzed using the exoplanet software package [127]. First,
the TESS photometry was downloaded using lightkurve [236] for both targets. Data points
flagged as poor quality during the SPOC pipeline were then discarded, and we median-
normalized the lightcurves of both targets and centered them at 0. Then we imported our

additional ARCTIC and RBO photometry and combined the datasets.

We used exoplanet to construct a physical transit model for each system. These models
consisted of mean term for each instrument, 3 for TOI-1696, and 2 for TOI-2136, to account
for any offsets. The same number of jitter terms were used to account for excess white noise

in each instrument.

As mentioned in Section 2.2.2, the RBO photometry exhibits a peculiar increase in scatter
throughout the night. Unable to account for this by decorrelating with airmass, and with
no additional explanations revealed in the night observing logs, we adopt a method in our
model to increase the jitter of RBO data as the night goes on. This modified RBO jitter is
given in equation 2.1. In this equation, o’y 5, [i] represents the i component of the vector of
values that we add in quadrature to the RBO errorbars. orpo is the traditional jitter term
analogous to those used in TESS and ARCTIC fits. t; is the time passed since the first RBO
observation. t;. rpo is the total duration of the RBO observations, and s is the RBO jitter

scale, a new free parameter to control how much the error bars should increase in time.

orpolil = orpo(1 + ti/twr,rBO)° (2.1)

The SPOC pipeline [198] performs an automatic dilution adjustment on the PDCSAP flux
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Figure 2.5: TESS pixel plots of TOI-1696 and TOI-2136 made using the eleanor software
package [114]. Each square is a TESS pixel. The color of a pixel indicates the flux present.
A black x near the center represents the TICv8 resolved position of the source. Red
circles are Gaia resolved sources with Gaia magnitudes < 19, and the size of the circle
represents the brightness of the source. The fields for both stars have many possible sources
of contamination. The left field is of Sector 19, the right field of Sector 26.

of TESS lightcurves. This dilution increases the depths of transits to account for flux from
nearby, adjacent stars, and is particularly important in crowded fields [67]. We include pixel
images of TOI-1696 and TOI-2136 in Figure 2.5. We see from inspection that both fields
are crowded, and that a dilution term might be important. TOI-1696 has an estimated
contamination ratio of 0.1102, meaning that 11% of its flux is likely from nearby sources
[355]. TOI-2136 has a contamination ratio of 0.1498. Both values warrant caution during
analysis. Thus, we adopt as a part of our transit model a dilution term that floats between 0
and 2. A value of < 1 suggests that contamination is still present, and additional correction
is required. A value > 1 suggests that the flux has been over-corrected for dilution by the
SPOC pipeline. The model radius parameter is multiplied by the square root of this dilution

term to allow an increase or decrease depending on dilution.

The transiting orbit model was generated using built-in exoplanet functions and the starry
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lightcurve package [254], which models the period, transit time, stellar radius, stellar mass,
eccentricity, radius, and impact parameter to produce a simulated lightcurve. We adopt
quadratic limb darkening terms to account for the change in flux that occurs when a planet

approaches the limb of a star [216].

A Gaussian Process (GP) model [10] was considered to account for excess correlated noise,
as this is often done when analyzing the TESS photometry of even quiet stars [e.g 252].
However, both systems’ photometry showed little evidence for coherent noise, and GP
whitened results showed no signficant difference from models without GPs. Thus, in the
pursuit of simplicity, we dispensed with any pre-fit whitening and fit transits to PDCSAP

flux with no modification.

We chose to adopt fairly broad Gaussian priors with a width of 0.1 days for period and
transit time to prevent any bias in our fits. Other free parameters had broad priors to reflect

the wide array of possible values. A full list of the priors used is listed in Table 2.4.

Due to the proximity of both systems to their host stars, and the estimated age of each
system, we attempt to determine whether eccentric fits were reasonable by calculating the
circularization time for both planets. This time is calculated using equation 2.2, as detailed

in [150].

2PQ (M, [ a\’
circ — s e 2.2
5 637 (M*> (Rp) 22)

Here, P is the planet’s orbital period, QO is a friction coeflicient, M, is the planet mass and

M, is the stellar mass. R, is the planet radius, and a is the semi-major axis.

Because neither system has a well-constrained planet mass, we have opted to use the 3o
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upper limits of our mass estimates, since circularization time increases with planetary mass.
The parameter )’ isn’t known for either system, and must be estimated. This parameter
represents the efficiency with which energy is lost due to tidal deformation. We adopt a
similar approach to that used in [389], and attribute to each planet a Q' = 1 x 10? since
they are both in the radius regime of mini-Neptunes, though we caution that this is an

assumption.

For TOI-1696, we estimate a circularization timescale of 0.062 Gyr using the 30 upper limit
of mass M, = 56.6 Mg. Using the median estimate of the mass results in an even smaller
timescale, 0.011 Gyr. We therefore conclude that eccentricity is unlikely to be present in

this system, and can be fixed to 0.

On the other hand, for TOI-2136 we estimate a circularization timescale of 24.2 Gyr if we
take its mass at a 30 upper limit of 15.0 M. Even taking the median value of 4.70 Mg gives
a circularization timescale of 7.49 Gyr, well within the uncertainties of our stellar age. We
thus conclude that eccentric fits are perfectly feasible for TOI-2136, and must be considered

in our final results.

The total models for each system were then optimized using scipy.optimize to find a
maximum a posteriori (MAP) fit to provide a starting point for posterior inference [384].
We then ran a Markov Chain Monte Carlo (MCMC) sampler to explore the posterior space
of each model parameter. We use the Hamiltonian Monte Carlo (HMC) algorithm with
a No U-Turn Sampler (NUTS) for efficiency [179]. We ran 10000 tuning steps and 10000
subsequent steps, and assessed convergence criteria using the Gelman-Rubin (G-R) statistic
[119]. The final transit fit of TOI-1696 is visible in Figure 2.6, and of TOI-2136 in Figure

2.7. The posterior parameters of each system are listed in Table 2.6.
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Figure 2.6: Left: phase-folded TESS transits of TOI-1696, with binned points highlighted and
the median lightcurve prediction overlaid. Middle: ARCTIC transit of TOI-1696 captured
on 1 January 2021. Binned photometry and the median lightcurve prediction are overlaid.
Right: RBO transit of TOI-1696 captured on 27 December 2020. Binned photometry and
median lightcurve prediction are overlaid.
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Figure 2.7: Left: TESS photometry of TOI-2136 folded to the final estimated period for
planet b. Binned points are plotted in addition to the median lightcurve prediction. Right:
ARCTIC transit of TOI-2136 obtained on 5 October 2020. Binned photometry is plotted in
gray in addition to the median lightcurve prediction in orange.

49



2.4.2 Radial Velocity Analysis

Both systems’ radial velocities were analyzed independently using the radvel RV fitting
software [133], in addition to being used in a joint model with exoplanet. In both software
packages the planet’s RV signal is represented by a Keplerian orbit constrained by five
planetary parameters: period, time of conjunction, RV semi-amplitude, eccentricity, and

argument of periastron.

For TOI-1696, we detailed in Section 3.4.1 that an eccentric fit is unlikely for this system,
but an eccentric fit is plausible for TOI-2136. Nonetheless we run eccentric fits on the RVs

for both systems, and perform a model comparison, seen in Table 3.3.

For both the RV-only fits and the joint-photometry fits, a jitter term is included to account
for excess white noise, and a mean term is included to account for any systematic offset in
the RVs, though with only one instrument this shouldn’t be significantly different from 0.
Due to the well constrained ephemeris in the TESS data, tight priors were placed on the
period and time of conjunction of both systems. We used broad, uninformative priors for
the remaining free parameters that are not constrained by photometry. A full list of our

priors can be seen in Table 2.4.

The RV only fits utilized the Powell optimization method [310] to provide an initial starting
guess for every parameter. We then ran an MCMC sampler in radvel, which utilizes the
ensemble sampler outlined in [125], to explore the parameter space of the model. We used

the G-R statistic again to assess convergence.

The joint RV-photometry fits were performed in exoplanet in a nearly identical framework
to the transit analysis described in Section 3.4.1, with the addition of the RV data and free
parameters listed above. The final outputs from the joint fit are listed in Table 2.6. The
final RV fits can be seen for TOI-1696 in Figure 2.8, and TOI-2136 in Figure 2.9.
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TOI-1696 RV Fit
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Figure 2.8: Top: Total HPF RV timeseries of TOI-1696. Bottom: Final, phase-folded RV fit
for TOI-1696b. Large uncertainties and a relatively small number of points only allow us to
put an upper limit on the planet’s amplitude. A 1o confidence interval is overlaid in gray.

Table 2.5: RV Model Comparisons

Fit Free Parameters | Number of Parameters | BIC | RMS (m s7!)
TOI-1696:
Circular K, P T, 6 111.24 31.36
v, o, dv/dt
Eccentric K, P T, ", 8 115.82 31.36
o, dv/dt, e, w
TOI-2136:
Circular K, P, T, 6 213.59 8.66
v, o, dv/dt
Eccentric K, P T, ", 8 214.64 8.10
o, dv/dt, e, w
Circular + GP K, P, T, ~, 10 223.88 6.01
o, dv/dt, m,
72, 13, 14
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RV Analysis of TOI-1696

As detailed in Section 3.4.1, TOI-1696b is unlikely to have an eccentric orbit. Nonetheless, we
allowed the eccentricity and argument of periastron to vary in some of our fits, and performed
a model comparison to evaluate which model fits the data the best. These comparisons are
visible in Table 3.3. We use the Bayesian Information Criterion [BIC; 208] to compare
models. A “Bayes Factor” is computed as the half the difference in BIC of the simpler
model minus the more complex model. A Bayes Factor of > 3.2 suggests a substantial

preference for the more complex model.

After analysis, the circular model is slightly preferred, though the difference in BIC values
is too small to be considered statistically significant. Because the circular model has fewer
free parameters, and because of our circularization arguments in Section 3.4.1, we adopt a

circular fit as our best solution.

RV Analysis of TOI-2136

As mentioned in Section 3.4.1, TOI-2136b has a long circularization timescale, and we cannot
rule out an eccentric orbit. Eccentric and circular fits were evaluated, and compared using
their BIC. Our results in Table 3.3 indicate that a more complex model cannot be justified.

We go forward with a circular fit since it has fewer free parameters.

When we first chose TOI-2136 as a target, we made white-noise error estimates to determine
the number of RVs that would be required to measure the mass of planet b to 3o. Using the

Mass-Radius relationship in [205], we estimated that the planet would have a semi-amplitude

1 1

of 4 m s7 and that we would have a photon-noise single-measurement error of 6.5 m s .
Our estimated posterior amplitude (K,,eq = 3.02 m s7!) and median error (0,edian = 7-87

m s~!) suggest that both estimates were reasonable. However, our final results have a much

52



less significant mass measurement at K /o < 2. This suggests three possible explanations:
the planet’s mass is significantly smaller than our median prediction, activity from the star
is interfering with our mass measurements, or the existence of additional planets may be

confounding our models.

We used a Generalized Lomb-Scargle periodogram [GLS; 404] to analyze several activity
indicators (line width, Ca infrared triplet). Results suggest that this is a quiet star, though
modestly strong peaks at ~ 5, 19, and 60 days in the Ca infrared triplet and line width
periodograms are suggestive of possible rotation periods. It is often possible for activity
present in RVs, however, to have no clear signal in one or more activity indicators [322, 251],

and so we proceed forward with our investigation despite the lack of clear detections.

We have enough RVs for TOI-2136 such that we might utilize a GP without overfitting.
GPs are commonly utilized to mitigate activity and improve model fits [173, 248, 106]. Our
RV-only analysis utilized the robust Quasi-Periodic GP kernel [133]. The covariance matrix
of this kernel is described in Equation 2.3. It contains 4 hyperparameters to model the
activity: n; is the amplitude of covariance, 7, is the evolution timescale, 13 is the recurrence

time scale (usually the rotation period of the star), and 7y is the structure parameter.

. Tr(tift')
ti —ti]? sin?(T—2

2
Oi,j = 1 €Xp
o ( ) 2173
Our joint RV-Photometry-GP fits utilized the Rotation Term kernel in exoplanet, which is a
combination of two Simple Harmonic Oscillator (SHO) kernels. The SHO kernel is fast and

widely applicable to coherent stellar astrophysical noise sources [120]. The Fourier transform

of the SHO is known as the Power Spectral Density (PSD) and can be seen in equation 2.4.
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2 SQ(JJé
N 2.4
S(w) 7 (w? — wd)? + wwi/Q? (2:4)

The free parameters of this kernel are Sy, wy, and Q. Sy represents the power of the periodicity

in Fourier space, wy is the angular frequency of the coherent noise, and Q is the quality factor.

The hyperparameters of the GPs were generally given wide priors when fit. n; was given a
uniform prior from 0.1 m s~! to 50.0 m s~!. The 7, and 7, parameters were given, broad,
uniform log priors from -6 to 6. The rotation period prior, 73, can often be restricted
much better due to some independent measurement of the rotation period. We performed
an autocorrelation function (ACF) rotation analysis on the TESS photometry using an
internally developed pipeline (Holcomb et al. 2022, in prep), and found no signficant
detection of a rotation period in either sector for TOI-2136. Additionally, we analyzed
publicly available photometry from the All-Sky Automated Search for Supernovae [ASAS-
SN; 343, 217] and the Zwicky Transient Facility [ZTF; 267, 42] using GLS periodograms. We
found no significant signals corresponding to a rotation period in the ASAS-SN photometry,
but we do note a strong signal at 85.6 days in the ZTF data. This value is consistent with
a rotation period described in [293]. Such a long rotation period is suggestive of a low
amplitude activity signal. Regardless, analysis was performed with both tight priors around

the purported stellar rotation period, and with loose, uniform priors from 1.0 - =200.0 days.

Both analyses resulted in posterior estimates nearly identical to those without the use of a

GP. A comparison of the BIC of the RV-only GP fit, to other RV fits, is visible in Table 3.3.

The lower BIC (and thus higher log likelihood) of the simpler, no GP, non-eccentric model,
suggest that it is the preferred model, especially considering its smaller number of free

parameters. We adopt this as our final fit.
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2.4.3 An Additional Planet Orbiting TOI-21367

With a GP unable to explain our low-significance mass measurement, we turn to the next
possibility: an additional planet, or planets. We began with an internally developed pipeline
that utilizes a Boxed-Least Squares [BLS; 223] algorithm to search for an additional transiting
planet in the TESS data. After subtracting our best-fit lightcurve model of TOI-2136b from
the photometry, we ran the BLS analysis and noted no significant detections of additional

transiting planets.

To probe for smaller transiting exoplanets, we used the Transit-Least Squares (TLS)
python package to check for additional signals with greater sensitivity [178]. This TLS method
is more computationally intensive than the BLS, but adopts a more realistic transit shape,

and is more sensitive to small-radius transiting exoplanets.

The TLS package initially recovers TOI-2136b with high significance. Masking the transits
of the first planet, we ran the analysis again. The result was a forest of small peaks, with
no single signal standing out as a clear candidate planet. TLS uses the Signal Detection
Efficiency (SDE) to estimate significant periods. [104] suggest that an SDE > 6 represents
a conservative cutoff for a “significant” signal, though others adopt higher values [348, 245].
The original transiting signal of TOI-2136 has an SDE of 17.0, indicating a highly significant
detection. After masking planet b, the forest of peaks all fall under the SDE = 6 threshold,
with the highest having SDE = 4.8. We conclude that none of these signals are transiting

planets.

We therefore detect no additional transiting planets in the photometry of TOI-2136b. Analysis
of RV residuals, after the fitting of a single planet, also returns a forest of low significance
peaks, all below the 0.01% analytical false alarm probability (FAP) [367]. This does not
rule out an additional planet as an explanation for our low mass significance, especially

considering that the transiting planet also falls below our significant threshold in RVs, but
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Figure 2.9: Top: Total HPF RV timeseries of TOI-2136. Bottom: Final RV fit for TOI-
2136b, folded to the estimated period of the planet. A 1o confidence interval is overlaid.

we find no definitive evidence of such a companion in RVs or photometry.

Table 2.6: Derived Parameters for Both Systems

Parameter Units TOI-1696 TOI-2136

Orbital Parameters:

Orbital Period ........... P (days) ............ 2.50031+0.00002 7.85191+0.00004
Eccentricity .............. € i 0 (fixed) 0 (fixed)
Argument of Periastron .. | w (degrees) .......... 90 (fixed) 90 (fixed)
RV Semi-Amplitude® ..... K (m/s) ..o, < 63.1 < 9.63
Systemic Offset .......... y(m/s) oo 9+13 0£1.8

RV trend ................. dv/dt (mm/s/yr) 0.00£0.03 0.00+0.03
RV jitter ................. oupr (M/S) ......... 31155 4.442.4

Transit Parameters:

Transit Midpoint ......... Tce BIDtpB) «...... 2458816.699+0.002 | 2459017.7039+0.0006
Scaled Radius ............ Ry/Re oo, 0.1044-0.002 0.05840.001
Scaled Semi-major Axis .. | /Ry ..o 17.74+0.6 35.0+1.3
Impact Parameter ........ b oo 0.56£0.05 0.41£0.10

Continued on next page
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Table 2.6 — continued from previous page

Parameter Units TOI-1696 TOI-2136
Orbital Inclination ..... i (degrees) .......... 88.461+0.004 88.44140.003
Transit Duration ....... Ty (days) ........... 0.042870-5059 0.0693+0.0008
Limb Darkening ........ U1 TESS, U2 TESS -« - - - 0.570:2,0.140.4 0.3703,0.270-4
U1 ARCTIC, U2, ARCTIC 0.440.3, 0.1793 0.2+0.2, 0.3754
U1 RBO; U2 RBO -« - - - - 0.670:%,0.04£0.5
Photometric Jitter ...... orrss (ppm) ........ 1041159 31139
oarctic (ppm) ..... 1030+91 929428
orpo (Ppm) ......... 43001200
RBO Jitter Scale S e 3.1+£0.6
Photometric Mean ...... meanTgss (ppm) . ... 651188 32£19
meanagcTic (ppm) .. 440+83 1980459
meangpo (ppm) ..... 4449+1100
Dilution ................. Drpss vveiiinnt 0.86+0.14 0.92+0.07
Planetary Parameters:
Mass® .. ... M, Mg) ............ < 56.6 < 15.0
Radius................... R, Rg) «ovvnevnnnn. 3.24+0.12 2.09+0.08
Density® ................ pp (g/cm3) ... .. <9.44 < 9.53
Semi-major Axis......... a(AU) ..o 0.0235+0.0006 0.054+0.001
Average Incident Flux.... | (F) (W/m?)......... 18000322 60007580
Planetary Insolation ...... S (S@)eeeeeniinnn. 13.5+0.7 4.440.2
Equilibrium Temperature® | Toq (K).....o.ovon. .. 533+7 40345

“Represents a 30 (99.7%) confidence upper limit

bEstimated assuming an albedo of 0
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2.5 Discussion

One of the most important open questions in the field of exoplanet astronomy is how planets
retain or lose their atmospheres. This is particularly important when studying planets around
M dwarf hosts. Not only are these stars the most abundant stellar type in the Galaxy [176],
but their extreme UV environments likely play a significant role in sculpting their planets’

atmospheres.

Mini-Neptunes present an ideal environment with which to study atmospheres of exoplanets,
especially close-in ones that have excellent prospects for transmission spectroscopy. Their
overall bulk densities suggest that these planets possess an atmosphere potentially dominated
by a large H/He envelope. Such planets’ atmospheres are easier to study, and their abundance
means that we have a large number of possible systems to choose from. Mass estimates, too,
become important in this regime, as there are a number of different possibilities for sub-

Neptune compositions that are not well understood [406, 50, 35].

While we have only managed to place upper limits on the masses of both TOI-1696 and
TOI-2136, we have measured their radii to high precision (Table 2.6). While we cannot
claim to have detected a low density (and therefore large atmosphere), we can claim that
it is quite unlikely for these planets not to have an extended atmosphere: for either to be
primarily terrestrial, these planets would have to be truly unique in exoplanet parameter
space, as any detections of such massive terrestrial planets so far have been erroneous [i.e.
313]. Thus, we will go forward under the assumption that both TOI-1696b and TOI-2136b

are at the very least not terrestrial.

We have calculated the Transmission Spectroscopy Metric [T'SM; 214] for both targets: 89.8
and 92.0, respectively. The TSM is a metric developed to rate the value of a target’s
amenability to atmospheric follow-up using the JWST. Both values are at or above the

suggested cutoff for transmission spectroscopy follow-up.
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2.5.1 TOI-1696

With the combination of TESS photometry and ground-based photometric follow-up, we
were able to put a tight constraint on TOI-1696b’s radius. With an estimated radius of
3.2440.12 Rg, TOI-1696b falls into a surprising region of radius-stellar effective temperature
parameter space. As early as the Kepler mission, a relationship between planet size and
stellar temperature was observed: the occurrence rate of smaller, rocky planets increases
significantly for cooler stars, while the presence of larger planets (R, > 2.5 Rg) falls off
appreciably [104]. Later studies confirmed the veracity of this and noted that planets with
radii above 2.8 Ry are particularly rare [287]. Kepler did not discover a large number of
planets orbiting M dwarfs due to the nature of its mission: most observed M dwarfs were too
far away and therefore dim for detailed study. It is only with the recent advent of TESS and
its all-sky survey of nearby stars that we have been able to study the population of short

period planets transiting these cooler stars [25].

In particular, there is more than an order of magnitude fewer exoplanets discovered around
M dwarfs than there is around FGK dwarfs [45], despite the abunduance of M dwarf stars.
As a result, phenemona such as the exoplanet radius valley [134, 84, 382] are difficult to
discern when looking at M dwarfs alone. Thus, there is great value in validating exoplanets
orbiting M dwarfs, especially cooler ones where large exoplanets become very rare. In Figure
2.10 it is clear that larger exoplanets are unusual around cooler stars, and that larger radii
exoplanets become even more sparse the cooler the star. Only 10 currently confirmed planets
orbit stars with Teg < 3500 K while also having a radius > 2.8 Rg [219, 233, 17, 117, 24,
361, 75, 396, 301, 407]. Further, only 5 of these are close to their star, with P,.;, < 100 days.
An illustration of TOI-1696b’s strange position in period-radius space is visible in Figure
2.11. By studying a planet on the edge of M dwarf radius parameter space, we position
ourselves to better answer questions about formation processes around cool stars, and to

examine any dependencies or correlations with other physical parameters (i.e. metallicity).
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Distribution of Planet Radii Around Cool Stars
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Figure 2.10: Stacked histogram of the radii of known planetary systems around cool stars,
taken from the NASA Exoplanet Archive [7]. The total sample is of all planets orbiting stars
cooler than 4000 K. Notable is the relative paucity of giant planets around stars in this
temperature regime. The occurrence rate is inversely proportional to Teg [104], and we
further show a subset of this sample with T,g < 3500 K in red. TOI-1696b, with a radius of
3.24 R is unusually large for a star with T,y = 3168 K, and its placement in the histogram
is indicated in blue.

In particular, we expect comparisons between TOI-1696b and other mini-Neptunes in more
common regions of paramater space to highlight exactly what qualities make larger mini-

Neptunes around cool stars unlikely.

Additionally, for sub-Neptunes, there is some degeneracy between the compositions of planets
between 2 - 4 Rg. In particular, similar masses in this range can be explained either by
gaseous planets with rocky cores and large envelopes of H/He, or “water worlds” with
large envelopes of HoO fluid/ice, in addition to rock and gas [e.g. 406]. Whether or not
a sub-Neptune’s atmosphere has lighter elements (H/He), or heavier (H,O/CO,) can have
important implications for its formation and the history of the protoplanetary disk of the
system [379, 306, 11]. Such information can even be used to infer the existence of large

companions on much wider orbits [50].

TOI-1696b also falls near the “Neptune desert,” a region of parameter space where Neptune-
sized objects become very rare [274]. Several possible explanations for this “Neptune desert,”
exist. For example, [268] suggest that this feature is a natural result of tidal circularization as
high eccentricity Neptunes exchange angular momentum with their host star. On the other

hand, [300] suggest that photoevaporation of short period sub-Jovians is the explanation for
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this feature. Detailed characterization of systems in and near this desert is required to break

degeneracies between these explanations.

Transmission spectroscopy is one approach that can be used to address these issues, and
TOI-1696b is a promising candidate for atmospheric study. Following [214], we calculate
a Transmission Spectroscopy Metric (TSM) of 89.8 using the median planet mass. JWST
will soon be taking spectra of transiting exoplanets. In Figure 2.12 we simulate several
possibilities for atmospheric observations of TOI-1696b on JWST. We use Exo-Transmit
[215] to create atmospheric models for TOI-1696b assuming a 100x Solar metallicity composition
using its median mass of 9.98 Mg and for its upper 30 mass of 56.6 M. We also created
a “steam” atmosphere comprised of 100% water for comparison. These models assume
chemical equilibrium, are cloud-free and generated with an isothermal P-T profile with a
planetary equilibrium temperature of 500 K. Using PandExo [32], we simulate expected
JWST NIRSpec/Prism observations from 0.6 to 5 microns. In general, TOI-1696b is an
excellent candidate for NIRSpec observations [20] assuming the median mass limit of the
planet. We will be able to identify carbon dioxide, water, and methane in its atmosphere to
better than 30 confidence with just 1 transit, and better than 5o with 2 transits. Resolving
these features will allow us to measure the metallicity of the planet as well as the C/O and
C/H ratios, enabling us to constrain the disk environment where this planet initially formed
le.g. 297, 284]. At 500 K, TOI-1696b also lies in the interesting transition regime between
ammonia and nitrogen dominated chemistries. Characterizing its atmospheric composition
(and potentially detecting ammonia) would provide the first observations into the nitrogen-

chemistries at play [285].

According to recent studies from [403, 107], the presence of aerosols (clouds or hazes) appear
to be ubiquitous at this temperature regime. Therefore, it is probable that TOI-1696b also
possesses an aerosol layer which could mute its absorption features in its spectrum. To test

what we could observe with JWST, we add a simple (gray opacity, wavelength independent)
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Disstribution of Radii and Periods of Known M Dwarf Exoplanets
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Figure 2.11: Distribution of planets orbiting M dwarfs (Teg < 4000 K) in period-radius space
taken from the NASA Ezoplanet Archive on 8 February 2022. To emphasize the fact that
we are adding additional value by constraining the mass of TOI-1696b and TOI-2136b, we
include only systems with at least upper limits on their mass'. The most recently uploaded
parameters are used. The planets studied in the paper are highlighted with blue circles,
while a few notable systems are highlighted with green circles. TOI-1696b has a much larger
radius than is typical considering its period, and the only stars with larger radii orbit hotter
stars. Note also that with the exception of the TRAPPIST-1 planets at the bottom of the
plot, TOI-1696b orbits among the coolest stars. TOI-2136b falls into a more common region
of period-radius space, but has other attractive features.

1. K2-25b does not yet have a mass uploaded to the NASA exoplanet archive, but we add it manually
because of its similar nature to TOI-1696b [361].

aerosol layer at various pressure levels in our 100x Solar metallicity model (assuming median
mass). We find that even at pressures of 0.1 mbars [comparable to GJ 1214b 225], we will
still detect the presence of water, methane, and carbon dioxide. Moreover, it is predicted
that moving to longer wavelengths should diminish the effect small haze particles play on a
planet’s transmission spectrum [211]. We therefore do not expect the presence of aerosols
to significantly hinder JWST observations of TOI-1696b. Instead, it is possible that these

observations will in turn allow for a more detailed studies into the haze layer that we expect

to be present in the planet’s atmosphere.
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Figure 2.12: Simulations of JWST observations of TOI-1696b using the NIRSpec instrument.
Gray, predicted spectra are visible under the simulated data points. Data points are
simulated with a 20 ppm systematic error noise floor. Simulations where the median planet
mass (9.98 Mg) was used are colored in blue, while simulations where the 3¢ upper limit
(56.6 Mg) were used are colored in red. Left: We see that a large H/He envelope with 100x
solar metallicity has clearly resolvable water, carbon dioxide, and methane features. Right:
Simulations of the massive H/He dominated planet, with 100x solar metallicity, above, and
the less massive, but water dominated planet, below. Both make similar looking predictions,
indicating the value that improving the mass measurement of TOI-1696b would add in the
future.
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However, we were only able to put an upper limit on the mass of this system, which can
complicate the analysis of spectra obtained with JWST [31]. Simulations adopting the 3¢
upper mass limit of 56.6 Mg were also run for NIRSpec, pictured in Figure 2.12. Far fewer
atmospheric features are discernible in such a situation, due mainly to the decrease in scale

height associated with a larger planet mass.

We anticipate TOI-1696b to be a system that receives much study from an atmospheric
perspective in the future: its features are attractive from a wide number of scientific angles.
Future RV measurements to better constrain the mass of this system would be a natural
next step to understanding its composition and formation history. While the faintness of
the star makes precision RVs challenging, higher precision could theoretically be obtained
on future instruments for thirty-meter class telescopes. For example, using a rudimentary
estimate of the performance of the Multi-Object Diffraction-limited High-resolution Infrared
Spectrograph [MODHIS; 269] proposed for the Thirty-Meter Telescope (TMT), a 650 s
exposure of TOI-1696 has an estimated photon-limited RV precision of ~ 6 m s~'. Considering
that planet b has an estimated semi-amplitude of 11.7 m s~! from the mass-radius relationship
in [80], we expect a more precise mass measurement for this system is well within reach of

such an instrument.

2.5.2 TOI-2136

Using TESS photometry and HPF RVs, we were able to constrain TOI-2136b’s radius to
2.09£0.08 Ry, and its mass to < 15.0 Mg. This allowed us to constrain its density to <
9.53 g/cm3. We note, however, that MCMC chains have a median of 2.5 g/cm3, which is
consistent with a planet that is significantly less dense than Earth and other rocky exoplanets,
and which has a significant gaseous envelope. In addition to our discussion of the infeasability

of a > 2 Rg planet being terrestrial in Section 6.5, we proceed under the assumption that
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TOI-2136b has at least some sizable gaseous envelope.

TOI-2136b has potential as an exoplanet with detectable biosignatures. [338] first introduced
the concept of a Cold-Haber World, where microbes live in liquid water environments beneath
a large gaseous envelope. If such a gaseous envelope contained Hy and even small amounts of
Ny, organisms could potentially capture the energy used in the “Haber” process, where Hy
and Ny are combined exothermically to create NHs, which was first proposed as a potential
biosignature for Ho-rich worlds in [339]. NHj has several attractive features: its creation
from the aforementioned exothermic process is energetically favorable; NHj is destroyed by
photolysis, meaning that sustained production would be required to register a detection; and

NHj is only produced abiotically in limited pressure-temperature regimes.

In fact, [308] established several criteria that make exoplanet candidates attractive for NHj
biosignature detections. First, exoplanets with radii > 1.75 Rg are best to ensure a gaseous
envelope, but exoplanets with radii < 3.4 Ry are best to ensure the pressure isn’t great
enough to produce abiotic NHjz. Next, a T, < 450 K allows liquid water to exist up to 1000
bar. The existence of liquid water is thought to be a necessary ingredient for life. Finally,
systems with d < 50 pc ensure adequate flux from star and planet for purposes of actually
observing the biosignature with JWST. Our posterior results in Tables 2.3 and 2.6 place

TOI-2136b comfortably within this regime.

We simulate NIRSpec observations of TOI-2136b using the same methods described in
Section 2.5.1. Results of different simulated planet masses and metallicities are visible in
Figure 2.13. Our tighter mass constraint of TOI-2136b allows us to resolve spectral features
when using the median planet mass 4.64 Mg or when using the 30 upper limit of 15.0
Mg assuming a 1x Solar metallicity composition. We expect to recover better than 3o
detections of water and methane features with just one transit, and better than 5o with
two. Our simulations do not include an NHj3 term, as TOI-2136b is not expected to produce

abiotic NHs. [308] simulated NHj features for a system similar to TOI-2136b: TOI-270c
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NIRSpec Simulated Spectra of TOI-2136b
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Figure 2.13: Simulations of TOI-2136b with NIRSpec. The gray, predicted spectra are visible
under the simulated data points. Left: simulated spectrum of the low mass planet with 100
times solar metallicity. Spectral features are clearly resolvable, especially water and methane
features. Right: the high mass planet with solar-like metallicity in its atmosphere. Our mass
limits constrain the planet’s atmosphere enough such that both high and low mass scenarios
have recoverable features.

(M, = 0.386; R, = 2.35 Rg; P = 5.66 days; [163]). The TOI-270c system ranks highest in
their metric for biosignature detection, and its simulated NHj features are recoverable in a
small number of transits. This suggests that TOI-2136b will also rank very highly in future

searches for atmospheric biosignatures with JWST.

We also note that during the submission of this manuscript, two additional studies were
announced constraining the mass of TOI-2136b [212, 142]. Our results are consistent with
both estimates, though we note that our median planet mass of 4.64 Mg is more consistent
with the analysis in [212]. The likelihood of a future analysis utilizing all three datasets only

improves the attractiveness of TOI-2136b from an atmospheric study perspective.
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2.6 Summary

We refine the measured planetary, orbital, and stellar parameters of two TOI planet candidates,
TOI-1696.01 and TOI-2136.01, and validate their planetary nature, using a combination
of ground based photometry, high resolution adaptive optics imaging, and radial velocity

measurements.

Using ground-based photometry in coordination with TESS, we measure TOI-1696b’s radius
as 3.24 + 0.12 Rg, and TOI-2136b’s radius as 2.09 + 0.08 Rg.

Using the near-IR Habitable-Zone Planet Finder, we are able to put upper limits on the
masses of both transiting planets. We constrain TOI-1696b’s mass to < 56.6 Mg, and
TOI-2136b’s mass to < 15.0 Mg, with 97.7% confidence.

Both systems have high potential for future atmospheric studies, and detailed spectra of
either system could answer important scientific questions. We encourage the community to

continue observations on future instruments.

67



Chapter 3

GJ 3929: High Precision Photometric
and Doppler Characterization of an
Exo-Venus and its Hot,

Mini-Neptune-mass Companion

3.1 Foreword

I next expanded upon my previous photometric analysis of TOI-1696 and TOI-2136 by
focusing upon yet another TESS-identified transiting exoplanet system, GJ 3929. It is well
known that different observational techniques are often required to accurately characterize
orbital periods, rule out false positive scenarios, detect longer period or non-transiting
companions, or to measure additional parameters of an exoplanet [e.g., 393, 204, 253, 72].
Unlike the previous M dwarf exoplanets TOI-1696 b and TOI-2136 b, the GJ 3929 system

contained additional, challenging features.
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A transiting exoplanet candidate with a 2.6 day period orbiting GJ 3929 was first identified
by the TESS Science Processing and Operations Center [SPOC; 198], and was subsequently
analyzed by [213]. This candidate, GJ 3929 b, is Earth-sized, but detectable in RV data
due to the small size of its host star and semi-major axis. Such a detection was still very
challenging, and [213] were only able to constrain the planet mass to 2.88¢ confidence. This
was partially due to the prescence of an additional signal in the RV data, possibly a planet

or stellar variability.

We utilize precise RVs obtained with the NEID spectrograph on the WIYN! 3.5 m telescope
at Kitt Peak National Observatory, RVs taken with the Habitable Zone Planet Finder,
and previously published CARMENES RV data, in conjunction with TESS, ARCTIC, and
LCOGT photometry to deeply characterize the true nature of the GJ 3929 system. From
photometry we identify planet b, and we can rule out many stellar activity scenarios, verifying
that the additional signal in the RV data is likely planetary. We joined this information with
a variety of RV models to confirm the planetary nature of GJ 3929 ¢, improve the mass of

GJ 3929 b, and present the most detailed understanding of the system to date.

In Section 4.2, we give a summary of the data used in our analysis. In Section 5.3, we detail
our estimation of the system’s stellar parameters. In Section 6.4, we detail the steps taken
to measure planetary and orbital parameters, and the investigation of an additional planet.
In Section 6.5, we discuss our findings, and the implications for the system. Finally, Section

6.6 summarizes our results and conclusions.

3.2 Observations

A summary of our observational data and key properties is visible in Table 4.1.

!The WIYN Observatory is a joint facility of the University of Wisconsin-Madison, Indiana University,
NSF’s NOIRLab, the Pennsylvania State University, Purdue University, and the University of California,
Irvine.
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TESS Photometry of GJ 3929
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Figure 3.1: PDCSAP flux of GJ 3929 as taken during TESS Sectors 24 and 25. Overlaid is
data binned into one hour intervals. Additionally, we plot a maximum a-posteriori (MAP)
fit of the transits of planet b. A phase fold of the transits after our complete analysis is
visible in Figure 3.4. The transit model is described in Section 3.4.1.

Table 3.1: Summary of Observational Data

Instrument Date Range RMS Average Error Type
TESS 2020 April 16 - 2020 June 8 1346 ppm 1441 ppm Photometry
ARCTIC 2021 February 27 - 2021 April 30 | 1000 ppm 734 ppm Photometry
LCO 2021 April 15 1522 ppm 692 ppm Photometry
CARMENES 2020 July 30 - 2021 July 19 3.87m st 1.97 m s7! RV
HPF 2021 August 27 - 2022 March 11 | 8.81 m s~! 842 m st RV
NEID 2021 January 6 - 2022 January 27 | 10.6 m s™! 1.55 m s71 RV

3.2.1 TESS

GJ 3929 was observed by the TESS spacecraft between 2020 April 16 and 2020 June 8.
These dates correspond to Sectors 24 and 25 of the TESS nominal mission. GJ 3929 was

observed in CCD 1 of Camera 1 during sector 24, and CCD 2 of Camera 1 during sector 25.
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The TESS photometry were first reduced by SPOC. After initial processing, we used the pre-
search data conditioning simple aperture photometry [PDCSAP; 366] in our analysis. Data
points flagged as poor quality are discarded before analysis. A plot of the TESS PDCSAP

flux used in the analysis is shown in Figure 3.1.

3.2.2 Ground based photometric follow up

Ground-based follow-up can be a useful tool not only to validate the planetary nature of
transiting signals, but to refine the measured parameters of transiting exoplanets. Here we

detail the ground-based photometric follow-up of for GJ 3929b.

ARCTIC

We observed three transits of GJ 3929b on the nights of 2021 February 26, 2021 April 30, and
2021 September 21, using the Astrophysical Research Consortium (ARC) Telescope Imaging
Camera [ARCTIC; 190] at the ARC 3.5 m Telescope at Apache Point Observatory (APO). To
achieve precise photometry on nearby bright stars, we used the engineered diffuser described

in [360].

The airmass of GJ 3929 varied from 1.00 to 1.66 over the course of its observation on 2021
February 26. The observations were performed using a 30 nm wide narrowband Semrock
filter centered at 857 nm [described in 364] due to moderate cloud coverage, with an exposure
time of 33.1s in the quad-readout mode with 2 x 2 on-chip binning. In the 2 x 2 binning
mode, ARCTIC has a gain of 2e/ADU, a plate scale of 0.228 ”/pixel, and a readout time of
2.7 s. We reduced the raw data using AstroImageJ [86]. We selected a photometric aperture
of 31 pixels (7.07") and used an annulus with an inner radius of 70 pixels (15.96"), and an

outer radius of 100 pixels (22.8").
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We also observed a transit of GJ 3929b on 2021 April 30. The airmass during observations
varied between 1.00 and 1.51. The observations were performed using the same Semrock
filter as described previously, with an exposure time of 45s in the quad-readout mode with
2 x 2 on-chip binning. For the final reduction, we selected a photometric aperture of 33
pixels (7.52”) and used an annulus with an inner radius of 58 pixels (13.22"), and an outer

radius of 87 pixels (19.84").

We observed a final transit of GJ 3929b on 2021 September 21. The airmass during
observations varied between 1.21 and 3.22, and the resulting scatter in data points was
> 3 times the values of either previous ARCTIC night (rmsage10226 = 1000 ppm; rmsago10430
= 910 ppm; rmsag210921 = 3400 ppm). Consequently, we chose not to use this final ARCTIC

transit during analysis of planet b.

We checked for airmass correlation on each night, but found little evidence for any significant

correlation. A plot of the ARCTIC transits used in our final analysis is visible in Figure 3.4.

LCOGT

We additionally use publicly available data taken by the Las Cumbres Observatory Global
Telescope Network [LCOGT; 63]. These data were obtained from the Exoplanet Follow-up
Observing Program (ExoFOP) website 2. Two transits of GJ 3929b were obtained using
the LCOGT. The first transit was obtained on 2021 April 10. Data were taken by both the
SINISTRO CCDs at the 1 m telescopes of the McDonald Observatory (McD) and the Cerro
Tololo Interamerican Observatory (CTIO). Both instruments have a pixel scale of 0.00389
pix~! and a FOV of 260 x 260.

A second transit was obtained on 2021 April 15. These data were taken simultaneously in 4

different filters (g, i, 1/, and z,) with the Multi-color Simultaneous Camera for studying

Zhttps://exofop.ipac.caltech.edu/tess/
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Atmospheres of Transiting exoplanets 3 camera [MuSCAT3; 289] mounted on the 2 m
Faulkes Telescope North at Haleakala Observatory (HAL). It has a pixel scale of 0.0027

pix~! corresponding to a FOV of 9.01x9.01.

As outlined in [213], high airmass caused the CTIO observations to exhibit higher scatter.
In fact, both transits on 2021 April 10 exhibit much higher scatter (rmscr;o = 3300 ppm;
rmsycp = 2200 ppm) than on 2021 April 15 (rms,, = 1010 ppm; rms;, = 850 ppm; rms,, =
910 ppm; rms,; = 920 ppm). Consequently, for the same reasons outlined in Section 3.2.2,

we chose not to utilize either transit from 2021 April 10 in our final analysis.

The publicly available data were calibrated by the LCOGT BANZAI pipeline [277], and
photometric data were extracted using AstrolmagelJ [86]. The resulting photometric data

are the same that were utilized in [213].

3.2.3 High Contrast Imaging

High contrast imaging can be important for ruling out false positive scenarios. [213] used
high-resolution images obtained from the Astral.ux camera [182] at the Calar Alto Observatory
to rule out false positive scenarios. They were able to rule out nearby luminous sources down
to a Az’ < 5.5 at 1”. Here we detail our team’s adaptive optics (AO) follow up of GJ 3929b,

and add to the evidence of a planetary explanation for the transit events.

ShARCS on the Shane telescope

We observed GJ 3929 using the ShARCS camera on the Shane 3 m telescope at Lick
Observatory [353]. GJ 3929 was observed using the K¢ and J filters on the night of 2021

February 26. Instrument repairs prevented our observations from benefiting from Laser

Guide Star (LGS) mode. Fortunately, GJ 3929 is sufficiently bright such that LGS mode
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Figure 3.2: 5o contrast curves of GJ 3929 taken using the K and J filters. The data were
taken on 2021 February 26. The overcast conditions and poor seeing on 2021 February 26
resulted in challenges with sky-subtraction. As a result, the magnitude difference between
the centroid and background don’t drop as quickly as expected.

is helpful, but not necessary. Further instrument repairs prevented our observations from
using a dither-routine to create master-sky images of GJ 3929. Instead, after a series of
observations, we shifted several arcseconds to an empty region of sky, and took images with

the same exposure time for purposes of sky subtraction.

The raw data are reduced using a custom pipeline developed by our team [described in 39].
Using algorithms from [110], we then generate a 5 sigma contrast curve as the final part of
our analysis. We detect no companions at a AK,= 4.85 at 0.76” and AKs = 9.75 at 8.35".

Additionally, we detect no companions at AJ = 4.54 at 1.09” and AJ = 7.62 at 8.99”.

We note that observing conditions on 26 February 2021 were marginal. As a result of overcast
conditions and poor seeing, the FWHM of the centroid in each reduced AO image was fairly
large (0.77” and 1.11"). Consequently, our final constraints on nearby luminous companions
are not as tight as they might have been. However, our high contrast images were taken in
redder wavebands than than the 7’ filter used in [213], and so we provide additional sensitivity
toward detecting redder, cooler companions. In tandem, our results and those outlined in

[213] are consistent: we detect no nearby luminous companions as an explanation for the
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observed transit event.

3.2.4 Radial Velocity Follow-Up

We obtained RVs of GJ 3929b in order to constrain the mass of the system and to independently
confirm the planetary nature of the transiting planet. Here we detail the RV data acquired

for the system GJ 3929.

The NEID Spectrometer on the WIYN 3.5 m Telescope at KPNO

We obtained RVs of GJ 3929 using the new, ultra-precise NEID spectrometer [336] on the
WIYN 3.5 m telescope at Kitt Peak National Observatory (KPNO). NEID is an environmentally
stabilized [358, 320] fiber-fed spectrograph [203] with broad wavelength coverage (3800 - 9300
A). We observed GJ 3929 in High Resolution (HR) mode with an average resolving power
R = 110,000. The default NEID pipeline utilizes the Cross-Correlation Function [CCF;
26] method to produce RVs. However, this method tends to be less effective on M dwarfs
le.g., 13], and so we use a modified version of the SpEctrum Radial Velocity AnalLyser
pipeline [SERVAL; 405] as described in [362]. SERVAL shifts and combines all observed spectra
into a master template, and compares this template with known reference spectra. We
then minimize the x? statistic to determine the shifts of each observed spectrum. We mask
telluric and sky-emission lines during this process. A telluric mask is calculated based on
their predicted locations using telfit [162], a Python wrapper to the Line-by-Line Radiative
Transfer Model package [83].

We obtained 27 observations of GJ 3929 between 2021 January 6 and 2022 January 27. Our
first two nights of observation for this system used 3 consecutive 900 s exposures, but we

later changed our observation strategy to one 1800 s exposure per night. We obtained a

5



median SNR of 44.8 in order 102 (A = 4942 A) of NEID for each unbinned observation. The

median unbinned RV errorbar is 1.18 m s~ !.

The errorbars are estimated from expected
photon noise. A total of 23 nightly binned RVs were obtained, though 4 were discarded
because the laser frequency comb calibrator was not available on those nights, resulting in a

less precise instrument drift solution that is insufficient for precision RV analysis. This left

us with 19 nightly binned NEID RVs that were used in the analysis.

The Habitable Zone Planet Finder at McDonald Observatory

We observed GJ 3929 with the Habitable Zone Planet Finder [HPF; 262, 263], a near-
infrared, (8080 — 12780 A), high precision RV spectrograph. HPF' is located at the 10 m
Hobby-Eberly Telescope (HET) in Texas. HET is a fixed-altitude telescope with a roving
pupil design. Observations on the HET are queue-scheduled, with all observations executed
by the HET resident astronomers [344]. HPF is fiber-fed, with separate science, sky and
simultaneous calibration fibers [203], and has precise, milli-Kelvin-level thermal stability

358).

We extracted precise RVs with HPF using the modified version of SERVAL [405] optimized
for use for HPF data as described in detail in [357]. The RV reduction followed similar steps

as outlined in Section 3.2.4.

We obtained 18 observations of GJ 3929 with HPF over the course of 6 observing nights.
These data were taken between 2021 August 27 and 2022 March 11. We obtained 3
consecutive exposures on each observing night, resulting in a median unbinned RV error
of 7.15 m s~!. Data taken on BJD = 2459649 were excluded from our analysis due to poor
weather conditions. Our dataset then consists of 5 nightly binned HPF RVs. Due to the
small quantity of the HPF data, we considered fits that did not utilize HPF data. We found

that model results did not differ meaningfully whether HPF data were utilized, or not, and
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we include them in our final model for completeness. HPF spectra were still used to derive

stellar parameters, as outlined in Section 5.3.

CARMENES RVs

Our RV modeling also utilizes CARMENES RVs published in [213]. [213] published 78
high-precision RVs as a part of their study of GJ 3929 using the CARMENES spectrograph
[311]. CARMENES is a dual-channel spectrograph with visible and near-infrared (NIR) arms
(Ry1s = 94600; Ryrr = 80400). CARMENES is located at the Calar Alto Observatory in
Almerfa, Spain. RVs of GJ 3929 were taken between 2020 July 30 and 2021 July 19. Each
observation lasted 30 minutes, with a median observation SNR of 74. 5 RVs were discarded
due to a missing drift correction in [213], and we do so as well. This results in a final dataset
containing 73 RVs. These RVs were taken using the visible arm of CARMENES, and have

a median uncertainty of 1.9 m s™!.

3.3 Stellar Parameters

We followed steps outlined in [357] and [39] to estimate Tog, log g, and [Fe/H] values of GJ
3929. The HPF-SpecMatch code is based on the SpecMatch-Emp algorithm from [402], and
compares the high resolution HPF spectrum of the target star of interest to a library of high
SNR as-observed HPF spectra. This library consists of slowly-rotating reference stars with
well characterized stellar parameters from [402] and an expanded selection of stars from [265]
in the lower effective temperature range. Our analysis was run on 2022 March 3, and the

library contained 166 stars during our run.

We shift the observed target spectrum to a library wavelength scale and rank all of the targets

in the library using a x? goodness-of-fit metric. After this initial y? minimization step, we
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pick the five best matching reference spectra. We then construct a weighted spectrum using
their linear combination to better match the target spectrum. A weight is assigned to each of
the five spectra according to its goodness-of-fit. We then assign the target stellar parameter
Teir, log g, and [Fe/H] values as the weighted average of the five best stars using the best-fit
weight coefficients. The final parameters are listed in Table 3.2. These parameters were
derived from the HPF order spanning 8670A- 8750A, as this order is cleanest of telluric
contamination. We artificially broadened the library spectra with a v sin¢ broadening kernel
[155] to match the rotational broadening of the target star. We determined GJ 3929 to have

a vsini broadening value of < 2 km/s.

We used EXOFASTv2 [108] to model the spectral energy distributions (SED) of GJ 3929 and
to derive model-dependent constraints on the stellar mass, radius, and age. EXOFASTv2
utilizes the BT-NextGen stellar atmospheric models [8] during SED fits. Gaussian priors
were used for the 2MASS (JHK), Johnson (BV), and Wide-field Infrared Survey Explorer
magnitudes (WISE; W1, W2, W3, and W4) [398]. Our spectroscopically-derived host star
effective temperature, surface gravity, and metallicity, were used as priors during the SED
fits as well, and the estimates from [21] were used as priors for distance. We further include
in our priors estimates of Galactic dust by [156] to estimate the visual extinction, though
we emphasize that this is a conservative upper limit: GJ 3929 is fairly close to Earth, and is
likely to be foreground to much of the dust utilized in this estimate. We convert this upper
limit to a visual magnitude extinction using the R, = 3.1 reddening law from [116]. Our

final model results are consistent with those derived in [213], and are visible in Table 3.2.

Table 3.2: Summary of Stellar Parameters for GJ 3929

Parameter Description Value Reference

Main identifiers:

TOI TESS Object of Interest 2013 TESS mission

Continued on next page
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Table 3.2 — continued from previous page

Parameter Description Value Reference
TIC TESS Input Catalogue 188589164 TICv8
GJ Gliese-Jahreiss Nearby Stars 3929 Gliese-Jahreiss
2MASS J15581883+3524236 2MASS
Gaia DR3 1372215976327300480 Gaia DR3
Equatorial Coordinates, Proper Motion and Spectral Type:
Q32000 Right Ascension (RA; deg) 239.57754339(4) Gaia DR3
032000 Declination (Dec; deg) 35.40815826(2) Gaia DR3
Lo Proper motion (RA; mas/yr) -143.28 + 0.07 TICv8
s Proper motion (Dec; mas/yr) 318.22 £+ 0.08 TICvS
d Distance (pc) 15.8 £ 0.02 Bailer-Jones

Optical and near-infrared magnitudes:

W4
Spectroscopi

Tesr

[Fe/H]

log(g)

Johnson B mag
Johnson V mag
Sloan ¢’ mag
Sloan 7’ mag
Sloan ' mag
TESS magnitude
J mag
H mag
K mag
WISE1 mag
WISE2 mag
WISE3 mag
WISE4 mag

c Parameters®:
Effective temperature in K

Metallicity in dex

Surface gravity (cm s~2)

14.333 £ 0.008
12.67 £+ 0.02
15.161 £ 0.006
12.2405 £ 0.0009
10.921 + 0.001
10.270 £ 0.007
8.69 £ 0.02
8.10 £ 0.02
7.87 £ 0.02
7.68 = 0.02
7.54 £ 0.02
7.42 £ 0.02
7.27 £ 0.08

3384 £ 88
-0.02 £ 0.12
4.89 £ 0.05

Model-Dependent Stellar SED and Isochrone fit Parameters’:

TICv8
TICv8
TICv8
TICv8
TICv8
TICv8
TICv8
TICv8
TICv8
WISE
WISE
WISE
WISE

This work
This work
This work

Continued on next page
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Table 3.2 — continued from previous page

Parameter Description Value Reference
M, Mass (M) 0.31370 055 This work
R, Radius (Ro) 0.32 + 0.01 This work
L, Luminosity (L) 0.010970 5053 This work
Px Density (g/cm?) 13.3 £ 1.1 This work
Age Age (Gyr) 71T This work
A, Visual extinction (mag) 0.005 £ 0.003 This work
d Distance (pc) 15.822 £ 0.006 This work
Other Stellar Parameters:
v sin i, Rotational velocity (km/s) <2 This work
ARV “Absolute” radial velocity (km/s) 10.265 £ 0.008 This work
Uv,w Galactic velocities (km/s) -21.05 + 0.04,10.85 £ 0.06,14.66 4 0.08 Kemmer

References are: TICv8 [356], 2MASS [94], Gaia DR3 (Gaia Collaboration et al. 2022j, in prep), Bailer-Jones [22],
WISE [398], Kemmer [213]

“Derived using the HPF spectral matching algorithm from [357]

3.4 Analysis

Both photometry and RV data were essential for characterizing GJ 3929, as the system
may have two or more planets, though we have only detected transits of planet b. First,
in Section 3.4.1, we investigate the transiting planet using our photometric data. Next, we
analyze the RV data of GJ 3929 in Section 3.4.2. Then, we search for additional transiting

signals. Finally, in Section 3.4.5, we combine both datasets to reach our final conclusion.
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3.4.1 Transit Analysis

A 2.6 day transit signal was originally identified by the MIT SPOC pipeline on 2020 June
19, then designated TOI-2013.01. Subsequently, [213] confirmed the planetary nature of the
signal in early 2022. We combine the TESS data with our follow-up transits in addition
to other publicly available photometric data (detailed in Section 3.2.2) to further refine the

measured parameters of the system.

Modeling the Photometry

We modeled GJ 3929’s photometry using the exoplanet software package [127]. First, we
downloaded the TESS PDCSAP flux using lightkurve [236]. We then performed a standard
quality-flag filter, removing datapoints designated as of poor quality by the SPOC pipeline,
and we median normalized the TESS data. We then combined the TESS data with our

normalized ARCTIC and LCOGT data for joint analysis.

Initial fits to ARCTIC and LCOGT data appeared to have a slight residual trend, and so
in our adopted fit we detrended ARCTIC and LCOGT photometry before combining the
datasets. We utilized the NumPy polyfit function to fit a line for purposes of detrending
[172]. This function performs a simple least squares minimization to estimate the linear
trend. This detrending was performed before modeling the data, as we found that including
a detrending term in the model did not meaningfully improve our results, while increasing

the complexity of our model.

We found it best to partition the photometric data into four regions of interest: the TESS
data (which consist of two consecutive sectors), two different nights of ARCTIC data, and
a night of LCOGT data. Due to the possibility of systematic offsets between nights, and

the distinct conditions during each night of ARCTIC observations, we choose to treat each
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ARCTIC night separately in our model. Furthermore, the LCOGT data were taken with four
different filters. Consequently, we model each filter separately. For each instrument-filter
combination, then, we adopt a unique mean and jitter term. The mean terms are additive
offsets to account for potential systematic shifts between nights, and are simply subtracted
from all data points when fitting. The jitter terms are meant to model additional white noise
not properly accounted for in the errorbars of the dataset, and are added in quadrature with

the errorbars. Our model thus consists of seven total mean terms, and seven jitter terms.

The physical transit model was generated using exoplanet functions and the starry lightcurve
package [254], which models the period, transit time, stellar radius, stellar mass, eccentricity,
radius, and impact parameter to produce a simulated lightcurve. We adopt quadratic limb
darkening terms to account for the change in flux that occurs when a planet approaches the
limb of a star [216]. The two ARCTIC transits were taken using the same Semrock filter, and
so we expect their limb-darkening behavior to be the same. Thus, we adopt the same limb-
darkening parameters for each ARCTIC transit. We adopt distinct limb-darkening terms for
the LCOGT data taken with the SDSS g’, i’, 1/, and 7, filters. We note that this results in
six pairs of limb darkening terms, in contrast to seven separate jitter and mean terms, but

is physically motivated.

Similar to [213], we choose not to include a dilution term in our final model. GJ 3929 does
not have many neighbors, and is much brighter than all of them (Figure 3.3). GJ 3929 has
an estimated contamination ratio of 0.000765, meaning that 0.08% of its flux is possibly from

nearby sources [355]. This suggests that a dilution term is not necessary.

Inference

After constructing a physical transit model using starry, we compare it to the data after

it has been adjusted to account for offsets, and we add our jitter parameters in quadrature
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Figure 3.3: TESS pixel image of GJ 3929 taken during Sector 24, created using the eleanor
software package [114]. The TICv8 position of GJ 3929 is indicated by a black x. Red circles
correspond to Gaia resolved sources [137], with size corresponding to brightness. Because
GJ 3929 does not have any bright neighbors, we do not use a dilution term.

with the errorbars during likelihood estimation. Each free parameter is given a broad prior
to prevent any biasing of the model, and we summarize the priors used in Table 5.3. The
model is then optimized using scipy.optimize.minimize [384], which utilizes the Powell
optimization algorithm [310]. This optimization provides a starting guess for posterior
inference. We then used a Markov Chain Monte Carlo (MCMC) sampler to explore the
posterior space of each model parameter. exoplanet uses the Hamiltonian Monte Carlo
(HMC) algorithm with a No U-Turn Sampler (NUTS) for increased sampling efficiency [179].
We ran 10000 tuning steps and 10000 subsequent steps, and assessed convergence criteria
using the Gelman-Rubin (G-R) statistic [119]. We considered a chain well mixed if the G-R
statistic was within 1% of unity. All the parameters in our model indicated convergence

using this metric.

Our photometry-only fits are consistent with the joint fits adopted in Section 3.4.5. A final

plot of the photometry, folded to the period of planet b is visible in Figure 3.4.
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Figure 3.4: Phase folded transit fits to TESS data, ARCTIC data, and LCOGT data. We
separate the 2021 April 15 transit taken with LCOGT by filter and label them accordingly.
Using all of these data allow us to modify previous radius estimates of GJ 3929b.

3.4.2 Radial Velocity Analysis

Periodogram Analysis

We first used a Generalized Lomb-Scargle periodogram [GLS; 404] to analyze the RVs of
GJ 3929, and to identify any periodic signals. We estimate the analytical false alarm levels
and normalize the periodogram following the steps outlined in [404], which assume Gaussian
noise. With this assumption, we scale the sample variance (and false alarm levels) by % in
order to reproduce the population variance, which is the quantity of interest in our analysis.
Consistent with [213], we detected significant periodicities between 14-16 days. In contrast
to [213], however, we find that when including the new, more precise NEID RVs (median
CARMENES RV error ~ 1.6 x median NEID RV error), as well as our HPF RVs, the 15 day

signal has grown in power relative to the 14 day signal, suggesting that it might be the true
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Figure 3.5: Top: GLS periodograms of the combined dataset consisting of NEID,
CARMENES, and HPF RVs, CARMENES data only, and NEID data only. Data have been
adjusted for offsets. Middle: data after the subtraction of planet ¢, assuming the values
derived in our final posterior fits. Bottom: GLS periodograms of data after the subtraction
of planet b and planet c. We do not include a periodogram of HPF-only data due to its
sparseness.

signal. Relative peak strengths of alias frequencies in a periodogram do not always indicate
the true period, however, and we detail a more formal model comparison later in the section.
A plot of the combined-dataset periodogram, and periodograms on NEID and CARMENES
only, are visible in Figure 3.5. After the subtraction of the longer-period planet c, the signal

of the 2.6 day planet b is clearly identifiable in the periodogram.

Modeling the RVs

We used the RadVel software package to analyze the RVs of GJ 3929 [133]. RadVel models
an exoplanet’s orbit by solving Kepler’s equation using an iterative method outlined in [98].
Each planetary orbit is then modeled by 5 fundamental parameters: the planet’s orbital
period (P), the planet’s time of inferior conjunction (7.), the eccentricity of the orbit (e), the

argument of periastron (w), and the velocity semi-amplitude (K). We additionally include
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instrumental terms, v and o, which account for systematic offsets between instruments, and

excess white noise.

We construct the RV model in a Bayesian context, encoding prior information about each
parameter as a part of the model. Similar to the fits described in Section 3.4.1, we adopt
broad priors on the free parameters of our model to prevent any bias in our results. The
primary exception being that during RV-only fits, we put tight priors on P, and T.,,;, as
these are much more tightly constrained by transits than by RV fits. We emphasize, however,
that our final adopted fit is a joint-fit between RVs and transits, detailed in Section 3.4.5.

Detailed prior information is available in Table 5.3.

Inference

In order to estimate the posterior probability of our model, we used an MCMC sampler
to explore the posterior parameter space. RadVel utilizes the MCMC sampler outlined in
[125]. We first used the Powell optimization method to provide an initial starting guess
for each parameter [310]. We then ran 150 independent chains, and assessed convergence
using the Gellman-Rubin statistic [G-R; 119]. The sampling was terminated when the chains
were sufficiently mixed. Chains are considered well-mixed when the G-R statistic for each
parameter is < 1.03, the minimum autocorrelation time factor is > 75, the max relative
change in autocorrelation time < .01, and there are > 1000 independent draws. All of our

considered models eventually satisfied these conditions.

We additionally considered the inclusion of a Gaussian Process [GP; 10] model to account
for coherent stellar activity. [213] identify a rotation period of ~ 120 days for GJ 3929. This
value is derived from a combination of long-term photometry taken using the Hungarian
Automated Telescope Network [HATNet; 23|, the All-Sky Automated Search for SuperNovae
[ASAS-SN; 342|, and Joan Oré Telescope [TJO; 87], and periodogram analysis of the
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CARMENES Ha values. We use the combined Ha values from CARMENES and NEID to
expand upon this, plotted in Figure 3.6. While the maximum power occurs at a slightly
shorter period than observed in [213]|, we note that rotational variability is often quasi-
periodic in nature and periodograms can have trouble distinguishing longer periods [251].
Our value observed here is still consistent with the previously reported value, and we make

no amendment to the system’s rotation period.
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Figure 3.6: GLS periodogram of the Ha data taken by the CARMENES and NEID
spectrographs. The only significant signal is at 116
days, which is most likely associated with the stellar rotation period identified in [213].
Neither of the planetary periods has any significant power in this data. We do not include
HPF, as its bandpass does not include the Ha indicator.

The > 100 day rotation period of this system is consistent with a quiet, slowly-rotating star,
and we normally wouldn’t expect a large RV signal due to activity. However, [213] found an
RV fit that included a GP to be preferred to an RV-only fit, and so we proceed with a series
of fits, some of which include a GP. Our GP fits utilize the Quasi-Periodic GP kernel due to

its flexibility and wide application in exoplanet astrophysics [e.g. 173, 248].

We also compared fits with the GP kernel that was adopted in [213]. [213] utilized a
combination of two Simple Harmonic Oscillator [SHO; 121] kernels, outlined in more detail

in [222].
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In order to explore the possibility of an additional planet in the GJ 3929 system, and the
plausibility of stellar activity interfering with RV signals, we perform a model comparison.
Model comparisons vary in the number of planets included, whether or not we include a GP
to account for stellar noise, eccentric fits, and whether or not the second planet is modeled
as the 14 day signal, or the 15 day signal. A full table of our model results is provided
in Table 3.3. Our analysis found that both the Quasi-Periodic and dSHO GPs perform
similarly in model comparison, and so we only include the Quasi-Periodic results for brevity.
When comparing models, we use the Bayesian Information Criterion [BIC; 209] and the
Corrected Akaike Information Criterion [AICc; 191]. The BIC of each model can be used to
estimate the Bayes Factor (BF), a measure of preference for one model over another. Half the
difference in BIC between two models is used to estimate the Schwarz Criterion, which itself
is an approximation of the log BF. The AICc is an approximation of the Kullback-Leibler

information, another metric for ranking the quality of models [191].

[209] suggest that a log;; BF > 2 (In BF > 4.6) is decisive evidence for one model over
another. For GJ 3929, our 2 planet (~15 day) model is preferred over the next best model, a
2 planet GP (~15 day), with a BF of 5.86 (RadVel estimates likelihoods using In), suggesting
a strong preference for the no GP case. The AICc simply prefers the model that minimizes
the AICc, which is also the 2 planet model (~15 day). Both methods of estimation are
only asymptotically correct, but are preferred by a wide enough margin, and agree with one
another. Consequently, we use these comparisons to justify selecting the 2 planet model

(~15 day) without a GP as our best model.

Table 3.3: RV Model Comparisons®

Fit Number of Free Parameters BIC AICc

0 planet 4 566.5757 552.0607

Continued on next page
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Table 3.3 — continued from previous page

Fit Number of Free Parameters BIC AICc
1 planet 7 569.5241 548.4207
1 planet ecc 9 578.4362 553.4362
1 planet GP 11 574.0880 | 545.0023
2 planet (~14 day) 10 560.2770 | 533.0948
2 planet (~14 day) ecc (b) 12 567.0928 | 536.1688
2 planet (~14 day) ecc (c) 12 562.6540 | 531.7300
2 planet (~14 day) ecc (both) 14 567.6228 | 533.2274
2 planet GP (~14 day) 14 576.62 542.2246
2 planet (~15 day) 10 545.5826 | 518.4004
2 planet (~15 day) ecc (b) 12 552.2589 | 521.3349
2 planet (~15 day) ecc (c) 12 551.8569 | 520.9229
2 planet (~15 day) ecc (both) 14 560.8289 | 525.8289
2 planet GP (~15 day) 14 557.3132 | 522.9178

“Model comparison was performed on RV-only fits. This is motivated in Section 3.4.5.

3.4.3 An Additional Transiting Planet?

As elaborated further in Section 3.4.2 and detailed in [213], GJ 3929 RVs show two strong
periodicities between 14-16 days. Consistent with [213], fitting either signal eliminates the

other, suggesting that one is an alias of the other. Thus, we conclude that the two signals

originate from a single source, though the true periodicity is originally unclear.

signal might be an additional planet, and if so, may be transiting. Here we search the

TESS photometry for signs of additional transiting exoplanets, with a particular emphasis
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GJ 3929 TESS Data
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Figure 3.8: TESS PDCSAP flux of GJ 3929, taken during Sectors 24 and 25. The projected
linear ephemeris of planet ¢ is marked by a vertical gray line, with the 30 and 50 windows of
uncertainty overlaid. It seems plausible that the second and third transits of planet ¢ might
have fallen into data gaps, though the negative detection in the first transit window cannot
easily be explained if planet c is transiting. Thus, we can rule out transits of planet ¢ with
30 confidence.

on planets in this period range.

We use the TransitLeastSquares [TLS; 178] python package in order to search for additional
periodic transit signals in the TESS lightcurves. Unlike a Box-Least Squares algorithm [BLS;
223], which is used frequently in transit searches, the TLS adopts a more realistic transit
shape, increasing its sensitivity to transiting exoplanets, especially smaller ones. Initially,
we recover GJ 3929b with a signal detection efficiency (SDE) > 35, a highly significant
detection. [104] suggest that an SDE > 6 represents a conservative cutoff for a “significant”
signal, though others adopt higher values [348, 245]. We then mask the transits of planet b,
and continue the investigation. Our second check highlights a significant signal at 13.9 days
(SDE = 12.74), somewhat close to the suspected planetary signals from the RVs. However,
analysis of the candidate transit event itself seems inconsistent. Using the non-parametric
mass-radius relationship from mrexo [205], we estimate that planet ¢ would have a radius of
2.26 Rg using the minimum mass, and consequently a non-grazing transit depth of 4.19 ppt,
more than 4 times as large as planet b. We caution that such mass-radius relationships are

associated with a large uncertainty, though Figure 5.8 makes it clear that GJ 3929c should
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at least be larger than planet b. However, this “transit” observed by TLS at ~ 14 days has
a depth of 0.24 ppt. It is possible that the transits of this candidate are grazing, resulting in
an anomalously small transit depth. However, the duration of the transits of this signal are
also much longer than expected, at 0.42 days. This is not only inconsistent with a grazing
transit, but would be too long for any transit at this period. Finally, the estimated transit
phase is totally inconsistent with the time of conjunction found in [213]. TLS finds a T,
= 2459867 BJD, while [213] would have expected a T, = 2459872 BJD (scaling back the
time of conjunction reported). We thus conclude that this significant ~ 14 day periodicity

identified by the TLS package is not planet ¢, and is most likely noise.

It is possible that planet ¢ is transiting, but that its transits fell into TESS data gaps. In
Figure 3.8, we highlight where the transits of planet ¢ would occur relative to the TESS

photometry. We identify no clear transit signals in the data.

We calculate 3 and 50 transit windows in Figure 3.8 by using our posterior period and time
of conjunction values for planet ¢, and back-propagating them using standard propagation
of error. Consequently, from Figure 3.8, we can rule out non-grazing transits of planet c

with 3o confidence.

3.4.4 Candidate Planet, or Planet?

[213] designated the 14-15 day signal a planet candidate. While no transit signal is clearly

detected at this period, we can rule out most false positive scenarios.

GJ 3929c¢ might be a highly inclined binary or brown dwarf. While such a scenario cannot
easily be ruled out, GJ 3929 has a Gaia RUWE value of 1.185, which is consistent with
little astrometric motion [? 138, 239]. This suggests that a highly inclined binary scenario

is unlikely.
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Periodic or quasi-periodic RV signals can also be created by stellar magnetic activity. Our
model comparison (Table 3.3) does not prefer a model that includes activity mitigation, and
TESS photometry does not exhibit any obvious periodic variability (Figure 3.1). Furthermore,
no strong signal near 14 or 15 days exists in the Ha indicator data (Figure 3.6). The candidate
rotation period does show up very strongly in the Ha periodogram, however, and its value

> 100 days is far from either planet.

The ~ 15 day signal associated with planet c is stable over the time baseline and across
instruments, further suggesting a planetary explanation. Performing a 2 planet fit (without
a GP) on the CARMENES data, and doing the same with all data, yields consistent results
(K¢ carmenes = 3.20 £ 0.58 m s~ Kean =3.18 £ 0.49m s_l). Planetary signals are expected
to remain stable over any observational baseline, while activity-sourced signals increase or
decrease in amplitude over time. This analysis provides additional evidence for the true
period of planet ¢ at ~ 15 days. Performing the same analysis on the ~ 14 day signal yields
a noticeable decrease in amplitude with the new RV data (K. carmenes = 2.64 £ 0.63 m s
Kean = 2.38 £ 0.52 m s7!). While the two values are consistent, the 14 day signal appears

more sensitive to the new data.

3.4.5 Joint Transit-RV Analysis

Table 3.4: Priors Used for Bayesian Model Fits

Parameter Name Prior Units Description

Planet b Orbital Parameters
Py U*(2.0,3.0) days Period
Teonb U(2459319.0,2459320.0) | BJD (days) | Time of Inferior Conjunction
Ve coswy Uu-1,1) Eccentricity Reparametrization
Vesinwy Uu-1,1) Eccentricity Reparametrization
Ry /R log N*(0.0953, 1.0) Scaled Radius

Continued on next page
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Table 3.4 — continued from previous page

Parameter Name Prior Units Description
by 4(0.0,1.0) Impact Parameter
K, 4(0.01,100) ms! Velocity Semi-amplitude
Planet ¢ Orbital Parameters
P. U(14.5,16) days Period
Teon,c 1 (2459064.0,2459080.0) | BJD (days) | Time of Inferior Conjunction
Vecosw? Uu-1,1) Eccentricity Reparametrization
Vesinw} U-1,1) Eccentricity Reparametrization
K. 14(0.01,100) m st Velocity Semi-amplitude
GP Hyperparameters
0y U(0,50) m st GP Amplitude
s 4(0.1,10000) days Exponential Decay Length
73 4(100,150) days Recurrence Rate (Rotation Period)
I 4(0.05,0.6) Periodic Scale Length
Instrumental Parameters
YCARMENES U(—100, 100) ms~! CARMENES Systematic Offset
YNEID U(—100, 100) ms! NEID Systematic Offset
VHPF U(—100,100) m st HPF Systematic Offset
OCARMENES 4(0.01,100) m st CARMENES Jitter
ONEID 1(0.01,100) ms ! NEID Jitter
CHPF 24(0.01, 100) m s~1 HPF Jitter
OTESS log N'(—9.48,2) Photometric Jitter
O ARCTIC—20210226 log N'(—9.67,2) Photometric Jitter
O ARCTIC—20210430 log /(—11.88,2) Photometric Jitter
OLCO—HAL,, log N'(—12.41,2) Photometric Jitter
OLCO—HAL, log ' (—13.17,2) Photometric Jitter
OLCO—HAL,, log N'(—12.96, 2) Photometric Jitter
OLCO—HAL,, log M'(—12.53,2) Photometric Jitter
YTESS N(0.0,10.0) Photometric Offset
YARCTIC—20210226 N(0.0,10.0) Photometric Offset

Continued on next page

94




Table 3.4 — continued from previous page

Parameter Name Prior Units Description
YARCTIC—20210430 N(0.0,10.0) Photometric Offset
YLCO—HALg, N(0.0,10.0) Photometric Offset
YLCO—HAL;, N(0.0,10.0) Photometric Offset
YLCO—HALL, N(0.0,10.0) Photometric Offset
YLCO—HAL,, N(0.0,10.0) Photometric Offset
UTESS e Quadratic Limb Darkening
UARCTIC K Quadratic Limb Darkening
ULCO,, K Quadratic Limb Darkening
ULCO;, K Quadratic Limb Darkening
ULCO,, K Quadratic Limb Darkening
ULCO,, K Quadratic Limb Darkening

*Y is a uniform prior with U (lower,upper)
N is a normal prior with A/(mean,standard deviation)
€K is a reparametrization of a uniform prior for limb darkening, outlined in [216]

*These parameters are not utilized in our final adopted fit. We include them for completeness.

The final step of our analysis is the combination of the transit fits and RV fits into one
complete, joint analysis. We adopt this model as our best, final model as it is the most
complete description of GJ 3929: it utilizes all data, and characterizes both planets that are
observed in this system, while also characterizing properties of planet b that can only be

gleaned from photometry, especially its radius.

We performed a model comparison in Section 3.4.2, and we use that model comparison to
select our preferred model, which is a 2 planet model without the use of a GP. We performed
this model comparison in the RV analysis rather than the joint analysis for one primary

reason: all the free parameters of interest are primarily measured in the RVs. First, we
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were interested in deciding between a 1 and 2 planet model. The second planetary signal
is only detected in the RVs; transit searches have been unsuccessful. Second, we wanted to
differentiate between a 14 or 15 day period for planet c. Again, this signal is only represented
in the RV data. Thirdly, we wanted to justify the use of a GP. Our primary consideration
for the use of a GP was in the RVs, as the photometry are quiet, as expected. A > 100 day
rotation period would be unlikely to be observed in TESS PDCSAP flux, and the ground-
based photometry are all far too short in baseline to be affected by a periodicity on even
1/100th of rotation period’s timescale. Finally, we were interested in testing the veracity of
eccentric models. Eccentricity, however, is much more strongly constrained by RVs than by

photometry.

Our final, joint fit, then, was performed considering a 2 planet model, where the second
planet period is constrained between 15 and 16 days in order to prevent the MCMC chains
from clustering around the alias at 14.2 days. The model is circular, and we do not adopt
any GP to account for excess noise. We use the exoplanet software package in the joint fit,
and the transits are modeled identically as described in Section 3.4.1. The RVs are modeled
in exoplanet as well, with two Keplerian orbital solutions that model both photometric and
RV datasets simultaneously. In particular, the period and time of conjunction of each planet
are shared between the datasets, while other orbital parameters are typically constrained to

one dataset or another. A full list of the priors used in our model are available in Table 5.3.

We again use the HMC algorithm with a NUTS sampler for increased sampling efficiency.
We again run 10000 tuning steps and 10000 subsequent steps posterior estimation steps. Our
final transit fits are visible in Figure 3.4. Our final RV fit is visible in Figure 3.7. Finally,

our posterior estimates for each model free parameter are listed in Table 4.3.
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Table 3.5: Derived Parameters for both planets

Parameter Units GJ 3929b GJ 3929c¢
Orbital Parameters:
Orbital Period .............. P (days) ...coovviiiiiiiiint 2.616235 + 0.000005 15.04 £+ 0.03

Time of Inferior Conjunction
Eccentricity ................
Argument of Periastron

RV Semi-Amplitude

Transit Parameters:
Scaled Radius

Scaled Semi-major Axis

Impact Parameter

Orbital Inclination

Transit Duration

Planetary Parameters:

Density .................. ..
Semi-major Axis ............
Average Incident Flux.......
Planetary Insolation.........
Equilibrium Temperature® ..

Instrumental Parameters

RV Jitter

RV Offset

Limb Darkening

U1,ARCTIC, U2, ARCTIC

2458956.3962 £+ 0.0005
0 (fixed)
90 (fixed)

0.44
L7704

0.0156 + 0.0003
16.8 + 0.5
0.1113:99

88.442 + 0.008

0.049570-5008

L7555
1.09 + 0.04
7.3 + 2.0
0.0252 =+ 0.0005
24000 + 1000
17.3 + 0.7
568 + 6

1.80 + 0.48
2.25 4 0.66
6+7
0.97 + 0.39
5.56 + 0.66
8+ 4
0.3703,0.3 &+ 0.4
0.5 + 0.3,0.070-3

24590709 £ 0.4
0 (fixed)
90 (fixed)
3.22 £ 0.51

5.71%+ 0.94

0.081 £ 0.002
2300 £ 100
1.68 = 0.07

317 £ 3

Continued on next page
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Table 3.5 — continued from previous page

Parameter

Units

GJ 3929b

GJ 3929c

Photometric Jitter ..........

Photometric Mean ..........

U1,LCO—HALgp> U2,LCO—HALgp
U1,LCO—HALip; U2,LCO—HALip

U1,LCO—HALrp, U2,L.CO—HALrp

U1,LCO—HALzs; U2, LCO—HALzs

orpss (Ppm) ..o
O ARCTIC—20210226 (ppm) s
OARCTIC—20210430 (Ppm) ...
OLCO—HALgp (PPIM) .........
OLCO—HALip (ppm) ..........
OLCO—HALrp (ppm) .........
OLCO—HALzs (PPM) «..tnnt..
meanTgss (PPM) «...vven...
MMEeaNARCTIC—20210226 (ppm) .
mMeanARCTIC—20210430 (PPIM) .
meanLco_HALgp (ppm) .....
meanr,co—HALip (PPM) ......
meanp,co—HALrp ppm) .....

(
meany,co—HALzs (PPM) ......

0.5 0.5
1.0%02,-0.370%

+0.3 +0.4
10793 .0.3+94

0.3703,0.3 &+ 0.4
0.3703,0.3 + 0.4
10134
514 =+ 100
545 + 60
4133
356 + 42
558 + 40
480 =+ 40
40 £ 8
400 =+ 70
340 + 60
350 + 100
360 + 40
350 + 40
340 =+ 40

¢Minimum mass

PEstimated assuming an albedo of 0

3.5 Discussion

We have refined the measured parameters for GJ 3929b (P, = 2.616235 £ 0.000005 days; R,

= 1.09 £ 0.04 Rg; M = 1.757F

043 Mg; pp = 7.3 £ 2.0 g cm™>) and GJ 3929¢ (P, = 15.04 +
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0.03 days; Msini. = 5.71 + 0.94 Mg).

GJ 3929 joins a growing list of M dwarf systems that contain a short period terrestrial planet,
accompanied by a non-transiting, more massive planet [i.e. 54]. Additionally, the possible
existence of additional planetary companions cannot be ignored. M dwarfs in particular tend
to have higher multiplicity of smaller exoplanets. [250] used metallicity correlations when
studying M dwarf systems to estimate how much planet-forming material is present in an
initial planetary disk. It is likely that a correlation exists between metallicity of the host star
and the amount of planet-forming material in a disk, especially for late-type stars [55, 199].
[250] estimate only 9 Mg of material for forming planets in a metal-poor ([Fe/H| = -0.5)
early M dwarf (M, = 0.6 My). While GJ 3929 is smaller (M, = 0.32 M) than this system,
its metallicity is much closer to the Sun ([Fe/H] = -0.05), giving it ~ 15 Mg of material to
form planets, if we assume the disk-to-star mass ratio of 0.01 that [250] adopt. The sum
of the median mass of GJ 3929b (1.75 Mg) and the median minimum mass of GJ 3929c
(5.70 Mg) is significantly less than this value, implying that either planet ¢ is significantly
inclined and much more massive than we estimate, additional planets exist in the system,

or the extra disk material was accreted onto the star.

We highlight the GJ 1132 system, characterized in [54], for comparison with GJ 3929. GJ
1132b is also a short period, Earth-sized rocky planet orbiting an M dwarf, with an additional
non-transiting companion. GJ 3929b is denser than GJ 1132b, as seen in Figure 5.8, though
it’s longer orbital period makes its RV semi-amplitude a bit smaller. We include comparisons
to this system further in the discussion to help frame GJ 3929 in the context of similar

systems.
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Figure 3.9: Mass-Radius diagram of exoplanets taken from the NASA Exoplanet Archive on
2022 April 5. We restricted our study to planets with measured radii and masses. Colors
indicate the stellar effective temperature of the system’s host star. GJ 3929b is depicted
in blue, and a region spanning the possible positions of planet c is visible in gray. We also
include GJ 1132b in green, as it is a similar system discussed further in the text. A few
theoretical density estimates are included as outlined in [406].

3.5.1 Planet b

GJ 3929b is an Earth-sized exoplanet, placing it below the radius gap for M Dwarfs [382, 305].
Our mass and radius estimates allow us to constrain GJ 3929b’s bulk density, and confirm its
consistency with a composition slightly denser than Earth (Figure 5.8). Due to its proximity
to its host star, GJ 3929b probably lost much of its atmosphere due to XUV flux [380].
The addition of a non-transiting second planet in the system originally confounded our RV
analysis of the system, and further emphasizes the challenges discussed in [174] relating to
the mass measurement of transiting planets. Since more than half of the time, the transiting
planet in a system with non-transiting companions does not have the largest semi-amplitude,

initial follow-up can be confusing.

GJ 3929b is Venus-like (S, = 17.370%), in that it resides in its host-star’s Venus-zone. This
is defined as the boundary between the runaway-greenhouse inner edge of the Habitable

Zone [210, 220, 221], and an orbital distance that would produce 25 times Earth-like flux
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[202, 298]. Learning more about planets in the Venus-zone is an important step towards
discovering Earth-twins. Spectroscopic observations of the Solar System, for example, would
have a hard time distinguishing between Earth and Venus, despite their drastically different
surface environments [201]. GJ 3929b is an excellent planet for studying the differences in
spectra for a system that is Venus-like, and for which we are certain that it is nothing like

Earth.

Fortunately, GJ 3929b is amenable to atmospheric study with the James Webb Space
Telescope [JWST; 143]. Beyond learning more about exo-Venuses, studying the atmosphere
of GJ 3929b could help reveal the evolutionary history of the system, and shed light on
planet formation models. GJ 3929b has an estimated Transmission Spectroscopy Metric
[TSM; 214] of 14 + 4, placing it in the top quintile of Earth-sized exoplanets amenable to
JWST observations. The density of GJ 3929b does not suggest a thick atmosphere, though a
thin atmosphere of outgassed volatiles, a thin atmosphere lacking in volatiles and consisting
of silicates and enriched in refractory elements, or a no-atmosphere scenario are all plausible

[340].

In Figure 4.10, we highlight GJ 3929b’s TSM in the context of other small exoplanets. We
include all exoplanets with sufficient information to calculate a TSM on the NASA Exoplanet
Archive, though we caution that only exoplanets with > 30 mass measurements are likely
to see follow-up with JWST due to a degeneracy in the interpretation of spectra [30]. GJ
3929b occupies a truly rare position in this space, as quality mass measurements are very
challenging for planets of its size, and small planets with mass measurements are usually not
very amenable to transmission spectroscopy. We highlight a few other small planets amenable
to transmission spectroscopy. Besides the TRAPPIST-1 system [1], which is exceptional in
most parameter spaces, few small planets are better for transmission spectroscopy than GJ
3929b. While GJ 1132b is a similar system to GJ 3929b, and its TSM is slightly larger, GJ

3929b is brighter, making high-SNR measurements with JWST more likely, and making it
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Figure 3.10: Transmission Spectroscopy Metric [TSM; 214] of various planets taken from the
NASA Exoplanet Archive on 2022 April 5. We note that GJ 3929b is in a sparsely populated
region of parameter space, due largely to the difficulty of studying small exoplanets. We
highlight a few other small-planet systems that are amenable to transmission spectroscopy.

more attractive for ground-based follow up. On the other hand, GJ 367b is an ultra-short
period (USP) planet with a much higher TSM than GJ 3929b. However, its USP nature
makes the existence of an atmosphere far less likely than for GJ 3929b, and further any
such atmosphere would likely exhibit very different chemistries from GJ 3929b, since its

equilibrium temperature is more than 3 times hotter [T, qss67 = 1745 £ 43; K 230].

3.5.2 Planet c

It is not clear whether or not GJ 3929c is a transiting exoplanet, though we detect no transits
of this system in this study. Consequently, we cannot measure the radius of planet c, nor its

bulk density.

The measured minimum mass of GJ 3929c suggests that it is at least a sub-Neptune in size
when predicted from the mass-radius relationship, and perhaps larger [205]. M dwarf systems
consisting of a close-in, terrestrial exoplanet and longer period sub-Neptunes are common
occurrences [326, 328], though the brightness of GJ 3929 allows for a more detailed study than

is often the case. GJ 3929 will not be observed by TESS during Cycle 5, though the success
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of the TESS mission suggests that it will likely continue for years longer. Additionally, the
advent of future photometric missions [i.e. PLATO; 261] suggest that GJ 3929 will probably
receive additional photometric observations in the future, and a transit of planet ¢ may

someday be identified.

3.5.3 Comparison to Kemmer et al. (2022)

The addition of HPF and NEID RV data, as well as diffuser-assisted ARCTIC data have
refined or changed various measured and derived parameters for each planet. Furthermore,
our choice to use the ~ 15 day signal as the period of GJ 3929c has an additional effect on

several of the qualities of the planet.

The period and transit time of planet b are fully consistent with those found in [213],
though the uncertainty is slightly larger in our case. This is most likely due to [213]’s use of
more transit data and in general modeling more transits of planet b. We prioritized higher
precision photometry, and consequently opted not to use the SAINT-EX photometry or the
additional LCO data utilized in [213]. Furthermore our team did not have access to the
transits obtained by the Observatorio de Sierra Nevada (OSN). Our additional ARCTIC
photometry changed the radius measurement from 1.150 £ 0.04 Rg to 1.09 + 0.04 Rg,

though we note that these values are 1o consistent.

The additional RVs did not shrink the formal 1o errorbars of the measured RV semi-
amplitudes, but did modify the mean posterior values and the resulting K/o of our mass
measurements are improved. For planet b, [213] found a mass of 1.21703 Mg, and we find
a mass of 1.757042 Mg. Similarly for planet c, [213] found a minimum mass of 5.27197¢ Mg,

while we measure a minimum mass of 5.71 £ 0.94 Mg. We note, however, that changing the

period of planet c likely played a role in this change as well, not merely the additional RVs.
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Perhaps the most significant departure from [213] is that our final model did not utilize a GP.
In fact, this is probably the most significant contribution to the increased mass uncertainties
in our fits. When utilizing a GP, our model does yield more precise mass uncertainties than
those in [213], which is expected due to our inclusion of additional data. The increased
amplitudes remain, however, suggesting that their difference is not related to the use of a

GP. As shown in Table 3.3, we cannot justify the use of a GP in our final fit.

3.6 Summary

We use RVs from the NEID, HPF, and CARMENES spectrographs to characterize the
transiting planet GJ 3929b, and the probably non-transiting planet GJ 3929c. We use
diffuser-assisted photometry from the ARCTIC telescope in combination with LCOGT and
TESS photometry in order to improve the radius of GJ 3929b (R, = 1.09 £ 0.04 Rg), and
we use RVs from CARMENES, NEID, and HPF to measure the mass of both planets (M, =
1.75 £ 0.45 Mg; Msini, = 5.70 + 0.92 Mg ). We conclude that GJ 3929 is a 2 planet system
with a 2.61626 + 0.000005 day transiting exo-Venus that is highly amenable to transmission
spectroscopy. GJ 3929c is a more massive planet orbiting with a period of 15.04 4+ 0.03 days

that is unlikely to transit.
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Chapter 4

The TESS-Keck Survey. XVII.
Precise Mass Measurements in a
Young, High Multiplicity Transiting
Planet System using Radial Velocities

and Transit Timing Variations

4.1 Introduction

Planet formation and evolution are still poorly understood: pebble accretion could form
planets in situ [231, 193], or planets might form beyond the ice line and migrate inward
[151, 99, 316, 194]. Atmospheric sculpting from stellar flux [232] might sculpt the observed

exoplanetary population, or the outgassing of volatiles [325] might dominate.

Answering these questions requires us to study young systems, still undergoing either formation
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or evolution. Unfortunately, such systems are among the most contaminated by stellar
variability [i.e. 74, 51]. Furthermore, challenges comparing the formation and evolution of
different exoplanetary systems are compounded by the various natures of host stars: while
it is possible to control for aspects such as age, stellar type, and metallicity when studying
formation history, the probable dependence of system evolution on a variety of the host
star’s parameters makes wider study difficult. It follows that multiple-planet systems are
very attractive when studying planetary characteristics such as atmospheric evolution, as
they all share a host star, allowing for the removal of degeneracies between different stellar
parameters. Higher multiplicities are even better, as they allow for a larger sample size
that shares system parameters. Targets that are young, highly multiple, and amenable to
follow-up study are exceedingly rare. Here I present my in-depth analysis of TOI-1136, one

such system.

TOI-1136 has at least six transiting planets [96] (hereafter D23), and a candidate seventh.
TOI-1136 is a young (700 + 100 Myr), bright (V=9.5) G dwarf and its photometric data
show signs of transit timing variations (TTVs), allowing for the precise characterization
of most planet masses with photometry alone. The planets are in deep Laplace resonance
(Pp = 41727 d; P. = 6.2574 d; P4 = 12,5199 d; P, = 18.801 d; Py = 26.321 d; P, =
39.545 d), suggesting a distinct formation history [short scale type-I migration; 347, D23].
TOI-1136 was observed by the Transiting Exoplanet Survey Satellite [TESS; 318] for six non-
consecutive sectors. The relatively short baseline of TESS limits the precision with which we
can constrain planetary masses using TTVs, especially for the longer-period outer planets.
Furthermore, adding RVs in conjunction with TTVs can help prevent conflict between TTV-

only and RV-only measured masses [365, 281].

I utilize over 400 RVs taken with the High Resolution Echelle Spectrometer [HIRES; 387],
Levy Spectrometer on the robotic Automated Planet Finder [APF; 388] Telescope, and the

High-Accuracy Radial velocity Planetary Searcher North [HARPS-N; 89| spectrograph in
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conjunction with TESS data to refine the parameters of the TOI-1136 system. I combine
these observations with TTVs and perform a detailed RV + TTV + GP analysis of TOI-
1136, which is likely the most complicated mass-retrieval model for an exoplanet in literature

to date.

The chapter is organized as follows. A summary of our observations and data is given in
§4.2. A brief description of the stellar parameters of TOI-1136 is given in §5.3. A study of
the candidate seventh planet is given in §4.4. Our analysis is detailed in §6.4. Finally, the
results and their interpretation are placed into context in §6.5, and the paper is summarized

in §6.6.

4.2 Observations

4.2.1 TESS Photometry

TOI-1136 was first observed by TESS during Sector 14 (18 July - 15 August 2019) and
Sector 15 (15 August - 11 September 2019) of Cycle 2. TOI-1136 was later re-observed
during Sectors 21 and 22 (21 January - 18 March 2020), and in two subsequent sectors (41:
23 July - 20 August 2021; 48: 28 January - 26 February 2022). The star was first declared
a TESS object of interest [TOI; 161] on 27 August 2019, and the science processing and
operations center [SPOC; 198] pipeline would eventually identify 4 candidate planets in the
system. Additional community observers would later identify two more community TOIs

(CTOls), increasing the number of candidate planets in the system to 6.

No additonal TESS photometry has been acquired since the system was studied in D23.
Nonetheless, the TESS photometry is incorporated in multiple aspects of our analysis of the

system. We build on the individual transit times of the TOI-1136 planets determined in
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D23 by jointly modeling these transit times with RVs in §6.4. We also analyze the TESS
Presearch Data Cleaning Simple Aperture Flux [PDCSAP; 198] photometry to measure the
stellar rotation period, to fit a single transit to the candidate planet in §4.4.1, and to calculate
FF’ values utilized in §4.5.1 by multiplying the PDCSAP Flux (F) by its first derivative [F’;
5].

4.2.2 RVs with Keck/HIRES

Between 1 November 2019 and 16 July 2022, we obtained 155 high-resolution spectra of
TOI-1136, resulting in 103 nightly binned RV observations, using the High-Resolution Echelle
Spectrometer (HIRES, (author?) 387) located at Keck Observatory. Precise radial velocities
were extracted using a warm iodine cell in the light path for wavelength calibration, as
described in [70]. We extracted precise RVs from the echelle spectra using the California
Planet Search (CPS) pipeline [184].

We typically achieved a signal-to-noise ratio of & 200 at visible wavlengths for each spectrum
by capping the HIRES built-in exposure meter at 250,000 counts. resulting in a median
nightly binned RV uncertainty of 1.75 m s™!, and a median SNR. of 214 for the wavelength

order centered at 540 nm.

4.2.3 HARPS-N RVs

We also utilized 51 RV observations of TOI-1136 obtained using the HARPS-N spectrograph
at the Telescopio Nazionale Galileo, a 3.6-m telescope located in the Canary Islands, Spain
under the observing programs, CAT19A_162, ITP19_1 and CAT21A_119. Observations had

a median exposure time of 1000 s and a median SNR of 74.6 at 550 nm.

HARPS-N RVs were reduced using the standard cross-correlation function mask method
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outlined in [26] and [302]. After reduction, HARPS-N RVs had a mean uncertainty of 2.63

m S_l.

4.2.4 RVs with the Automated Planet Finder

Essential to characterizing the stellar activity were additional RV observations taken using
the APF Telescope, located at Lick Observatory on Mount Hamilton, CA. The automated
nature of the APF allowed for much more consistent, high cadence observations than were
possible using HIRES or HARPS-N. The smaller aperture of APF, however, restricted us
to lower SNR and correspondingly less precise observations. Between 1 November 2019 and
16 July 2022, we carried out 320 APF observations over the course of 256 observing nights.
APF spectra are calibrated using an iodine cell and are extracted using a process very similar

to that of HIRES RV extraction [135].

A preliminary analysis of APF spectra motivated our choice of a minimum SNR threshold of
55, as spectra with lower SNR were subject to very large uncertainties. Our final collection
of APF observations have a mean binned RV uncertainty of 4.92 m s~! and a mean SNR of

94.1 estimated across its full wavelength coverage, centered at 596 nm.

4.3 Stellar Parameters

We utilize the stellar parameters of TOI-1136 as adopted in D23. D23 used SpecMatchSyn
[306] on 3 iodine-free, high resolution HIRES spectra obtained as a part of TKS’s observing
program to derive T, logg, and [Fe/H]. These results were then combined with Gaia
parameters [139, 140] in the Isoclassify software package to obtain stellar mass, radius, and
other relevant parameters for our models [189, 47]. The full list of stellar parameters is

identical to those used in D23, and we refer readers to Table 1 in D23 for the full parameter
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list, though for convenience we note that the star is a G5 dwarf with M, = 1.022 + 0.027
Mg and R, = 0.968 + 0.036 R5. We detail our independent measurement of the system’s

stellar rotation in the next subsection.

4.3.1 Stellar Rotation Period

Identifying the frequency of stellar rotation is an important part of characterizing systems
with spot modulation, as a quasiperiodic signal can mask known exoplanet signals [248] or
mimic real ones [251]. Young systems, like TOI-1136, are particularly susceptible to large

activity signals that dwarf planetary signals [74].

D23 used a Lomb-Scargle periodogram [LS; 246, 334] to identify a rotation period of 8.7 £ 0.1
days for TOI-1136 based on TESS photometry. Because the quasi-periodic rotation signature
often leads to significant peaks at harmonics of the true rotation period, we performed an
independent analysis of the stellar rotation. We utilized the new SpinSpotter software package
to fit an autocorrelation function (ACF) to TESS photometry [181], which is more robust
than LS for detecting accurate stellar rotation periods [4]. We analyzed the ACF on all six
Sectors of TESS data. We identified a rotation period of 8.42 £+ 0.09 days using SpinSpotter,
which is consistent with the previously identified rotation period (as opposed to a harmonic).
The uncertainty is estimated by taking the standard deviation of the variations in parabola
vertex locations from the expected position predicted by the found rotation period, which
can underestimate uncertainties and likely contributes to the > 10 discrepancy with D23.
However, [181] suggest that detecting at least 5 peaks in the ACF (seen in Figure 4.1) is

strong evidence that the rotation estimate is reliable.
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Figure 4.1: An autocorrelation function (ACF) of TOI-1136’s TESS photometry. A clear
frequency pattern with well-defined parabolas fit to the peaks of the ACF indicates a solid
detection of the system’s rotation period.

4.4 A Seventh Planet?

D23 identified a single transit that was distinct from those corresponding to planets b-g as a
possible seventh planet in the TOI-1136 system. D23 were unable to identify any additional

transits of this candidate planet in the TESS photometry, and so the period remained unclear.

D23 did not include a detailed analysis of the transit, mainly noting that the estimated
radius was around 2.5 Rg and that the transit duration suggested a possible ~ 80 day

orbital period, consistent with a 2:1 resonance with planet g.

Without additional transits, it is difficult to conclude that the event is necessarily an
exoplanet. False positive transit signatures were rare in NASA Kepler photometry, but
are more common in the TESS photometry due to a large pixel size [369]. D23 ruled out

visual, spectroscopic, co-moving, and astrometric companions, but this does not exclude
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every possible false positive scenario. For example, an unresolved background eclipsing
binary could potentially create such a signature. False positives from background eclipsing
binaries are extremely unlikely in the high-multiplicity planetary systems characterized by
Kepler [242], but the incidence of eclipsing binary FPs is likely higher for TESS planet
candidates due to the larger pixel size. Another possibility is that the transit-like event is
a false alarm, i.e., an instrumental artifact or spurious event that is non-astrophysical. To
mitigate our uncertainty of the veracity of planet candidate seven, we tested both a seven-
planet and a six-planet model in our full TTV 4 RV analyses, with constraints on the orbit

of the seventh planet based on the RVs.

4.4.1 lIdentifying the Period of the Candidate

D23 estimate an orbital period near 80 days for the seventh planet candidate based on
the transit duration. Such an estimate can be inaccurate, however, especially when factors
such as eccentricity and impact parameter are also unknown. We explore other methods of

estimating an orbital period for the single-transit candidate.

The period might be inferred from the RVs, as their quantity and cadence would be sufficient
to find medium to longer-period planets with modest amplitudes in many planetary systems.
A periodogram analysis is often fruitful when first trying to identify the orbital periods of

planets in the RVs.

We first used a generalized Lomb-Scargle (GLS) periodogram [404] to identify significant
periodicity in the RV data. Unfortunately, the GLS does not identify the periods of any of
the known transiting planets, and it is unlikely that any of the high power periods correspond
with the candidate planet. The highest-power periods are all close to, or aliases of, the
known rotation period of TOI-1136. This is mainly caused by the prominent stellar activity

in the system. Due to the quasi-periodic nature of the rotation signal, however, standard
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Figure 4.2: We computed an [1 periodogram of TOI-1136 RV data, determining the best
white noise value for the noise model through cross-validation. Instrument offsets are fit
by the compressed sensing model. Unlike other periodograms, multiple peaks can have
significance. However, the rotation period (8.53 days), signals near the rotation period (8.36
days), and aliases of the rotation period (4.40, 4.36, 2.87 days) dominate the periodogram.
Once again, planet periods are not significantly detected, and a more complicated model is
required to remove the activity and uncover the planet signals.

sinusoidal fits are an imperfect match, and one cannot easily subtract the highest power

signal for investigation of lower amplitude signals.

We next try the correlated noise model present in the Bayes Factor periodogram (BFP) with
1 moving average term introduced in [115], but this too proved insufficient to clearly detect
the orbital period of any planet exterior to planet g. Most likely, the red-noise model used
by the BFP, while consistently recovering true stellar variability signals, was not capable of

detecting the relatively small amplitude of the planets in the system.

The [1 periodogram established in [167] searches all frequencies simultaneously rather than
sequentially, and might succeed where other frequency analysis attempts have failed. However,
as is visible in Figure 4.2, the [1 periodogram once again only identifies the rotation period

and its aliases, probably due to their much more significant amplitudes.
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Another method we might use to predict the period of the candidate planet exploits the
resonance of TOI-1136. For example, a similar method was used to predict the orbital
period of TRAPPIST-1 h when only one transit of the planet was known [256]. The idea is
that trios of neighboring planets in compact, resonant systems tend to satisfy equation 4.1

for small-integer values of p, q.

]OPf1 —(p+ q)P2_1 + qP3_1 ~0 (4.1)

Here Py, P,, and Pj are the orbital periods of any three adjacent planets. We solved for Pj
for a variety of combinations of p and ¢, ranging from one to three. Many of the predictions
were implausible. Some combinations predicted orbital periods interior to planet g’s ~ 39
day orbital period (e.g. p = 1, ¢ = 2, P3 = 32.89 days), which would have been seen in
photometry, and are unlikely in such a compact, resonant system. Some predictions were
close enough to planet g for stability concerns to make the period unlikely (e.g. p =2, ¢ = 2,
Py = 43.86 days). Two period predictions stand out as plausible when using equation 4.1:

=2,q=1, Py =131.47 days and p = 3, ¢ = 2, P; = 65.71 days. The first is somewhat
close to 4:1 resonance with planet g at 156 days, and the second is close to 3:2 resonance
at 58.5 days, or perhaps a 2:1 resonance at 79.1 days. Motivated by the ~ 80 day period
prediction from transit duration, we deem the 65.71 day period the more likely of the two.

We proceed assuming the candidate planet is either in 3:2 or 2:1 resonance with planet g.

4.4.2 Fitting the Transit of the Candidate Planet

We have not identified any additional transits of the candidate, though our RV analysis in

section 4.5.2 does shed additional light on the planet. In order to frame the candidate in
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context with the other planets in TOI-1136, we perform a single transit fit to formalize an

estimate of the radius and other transit-related parameters.

We use the exoplanet software package [128, 129] on the detrended photometry from D23,
which is detrended using a simple 0.5 day cubic spline. We used only photometry within one

day of the reported transit time in D23.

We used PyMC3 [329] to create a model context for the single transit of the candidate, and we
used starry to generate the light curve model [254]. starry uses a quadratic limb-darkening
law when modeling transits. Eccentricity was modeled using a reparametrization detailed in
[381], and the orbital period and transit time were given normal priors from the posteriors
of our nested sampling fits. Earlier fits were plagued by bimodal solutions related to transit
depth, duration, and transit time. An in-transit region of slightly lower flux (visible in Figure
4.3) would sometimes confuse the model, shifting the transit time to the right and increasing

the planet radius. To prevent this, we put a minimum transit duration of 0.2 days.

We then utilized a Hamiltonian Monte Carlo algorithm with the No-U-Turn Sampler [NUTS;
179] to efficiently sample the posterior parameter space. We ran 4 chains, each with 5000
tuning steps and an additional 10000 parameter estimation steps. Our final fit is visible in

Figure 4.3, and our posterior values are listed in Table ?7.

Table 4.1: TOI-1136(h) Transit Posteriors

Parameter | Posterior Value | Units Description

P 5071393 Days Orbital Period

T, 2459435.10709% | BJD Transit Time

R, 2.6810-%0 Reg Planet Radius

e 0.047003 Eccentricity
Continued on next page
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Table 4.1: TOI-1136(h) Transit Posteriors

Parameter | Posterior Value | Units Description

w 0+£120 Degrees | Arg. of Peri.

i(n) 89.68+0.02 Degrees | Inclination

g 0.261092 Days Transit Duration

The single-event nature of this possible planetary transit makes assessment of its veracity
difficult. We use the single event statistic (SES, (author?) 196) to quantify the quality of

this candidate transit:

(4.2)

Above, d is the detrended flux data, and s is the predicted transit signal at each flux
timestamp. o is the out-of-transit scatter. T indicates transposing a matrix. We use a
subset of the detrended flux in D23, which removed correlated noise using a cubic spline of
0.5 days. Some correlated noise was still present even after such a detrending, especially near
the wings of the transit. We mask the transit and additionally use a univariate spline with
a smoothing factor of s=1400 to remove ther remainder of the out-of-transit variability. The
SES is often expanded upon as a multi-event statistic (MES) in Kepler systems [378], though
such an expansion is not possible in the case of a single transit. [195] suggest 4.0 as a more
conservative cutoff to call a single event significant, and 3.5 as sufficient. We estimate an
SES of 12.3 for the single transit of this candidate planet, suggesting that the single transit

is indeed statistically significant, and not likely due to white noise. We attempt to recover
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Figure 4.3: Our posterior transit fit to the single transit of the candidate planet. Fits indicate
that the planet likely has a radius near 2.68 Rg. We use the SES (equation 4.2) to verify
the significance of the transit.
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the mass of this candidate in the next section.

Our conclusion then is that a single transit was most likely detected in the photometry that
is not consistent with any of the known planets in the system, but any other parameters for
this candidate planet are difficult to discern without a more in-depth analysis, or additional

photometry. Additionally, we can rule out most false positive scenarios, as mentioned in

D23.

4.5 Analysis

The high multiplicity of the system generates a large number of free parameters in the model
to describe the planetary orbits. The youth of the system suggests that large amounts of
magnetic activity are likely occurring on the surface and within the star. This magnetic
activity is likely to generate variability in the RVs and photometry not related to planetary
motion. Indeed, examination of the quasi-periodic modulation of the TESS photometry
confirms this expectation, and the high scatter of the RVs (RMS = 43.5 m s™') could not
come from any of the known planets, even in the implausible event that they were all pure
iron. Thus, some model to account for stellar variability in the RVs that is many times larger

than the exoplanet signals is an essential part of modeling the RVs.

A detailed photometric analysis of TOI-1136 was carried out in D23, including the identification
of individual transit times at each transit epoch for each planet. In this work, we jointly

model the transit times determined in D23 and our newly collected RVs.

We performed RV-only analyses of TOI-1136, but we failed to significantly detect the
system’s exoplanets for two reasons. First, the proximity of the stellar rotation period
(8.4 days) to several planetary periods (P, = 4.17, P, = 6.26, P, = 12.52 days) made

distinction challenging. Additionally, the significantly larger amplitude of the spot-induced
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variability (~ 50 m s™!) compared to the expected planetary semi-amplitudes [estimated
from a mass-radius relationship; Kyg = 0.3 - 3.0 m s™!; 80] further hindered detection.
TTYV fits alone were much more successful at measuring planet masses, as the photometry
is significantly easier to disentangle from stellar variability. It is expected that combining
both TTV-predicted masses and RV-predicted masses would yield the best results, as the
independent datasets can be combined in likelihood space to give the largest quantity of
information about the system. We detail activity model training in §4.5.1, our complete RV

+ TTV model in §4.5.2, and detail our cross-validation in §4.5.3.

4.5.1 Training the Activity Model

We do not choose to include photometry in our final TTV + RV fit, but we can still use the 6
sectors of TESS data to inform our activity model. The RV contribution of the stellar activity
can be predicted from photometry using the FF’ method outlined in [5]. This method is best
at predicting quasi-periodic modulations from starspots or plage, which is likely the biggest
contribution to TOI-1136’s stellar activity. We fit the Quasi-Periodic kernel as described
in RadVel documentation to the predicted RV activity signal [133]. We divide this signal

)

into four “seasons,” corresponding to continuous TESS coverage. Season 1 is Sectors 14 and
15; season 2 is Sectors 21 and 22; season 3 is Sector 41; and season 4 is Sector 48. We
then performed GP fits to each season individually, as well as a single run on all the FF’

predictions together. An example plot of our fit to season 2 is visible in Figure 4.4.

We performed an MCMC fit on the FF’ data using RadVel, which assesses convergence by
determining when the Gelman-Rubin (G-R) statistic is less than 1.01 and the number of
independent samples is greater than 1000 for all free parameters for at least five consecutive

checks [119].

The FF’ spot model is relatively simple, and does not take into account all physical processes
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Figure 4.4: A plot of the GP fit to the RV activity signal of TOI-1136, calculated from
photometry. This activity prediction is estimated via the FF' method described in [5]. The
above plot illustrates our fit to season 2. After assessing convergence, we use the frequency
posteriors of this GP fit as priors on the GP hyperparameters for our TTV + RV fits in the

next section.
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that occur in a magnetically active star. Additionally, it is known to break down in multi-
spot cases. The model is based on photometry, which is expected to have a shared frequency
structure with the RVs, though the phase may not be consistent. Consequently, we utilize
only the posteriors of the terms associated with frequency (n2,m3,74) as priors in our full

TTV 4+ RV model, and we maintain broad, uniform priors on GP amplitude terms.

4.5.2 TTV 4+ RV Model

We used TTVFast [101] to jointly model the transit times and the RVs of TOI-1136. TTVFast
is a symplectic N-body integrator that uses Keplerian interpolation between N-body time
steps to predict transit times [101]. TTVFast uses seven free parameters per planet to
integrate the dynamical motion of the system: planet mass, orbital period, eccentricity,
argument of periastron, orbital inclination, mean anomaly at reference epoch, and the
longitude of the ascending node. During our analysis of TOI-1136, we fixed the longitude
of ascending node to zero for all planets, as our current data is not generally good at
constraining this parameter, and this is commonly done [e.g. D23, 159]. All other parameters
were left free to vary during our fits, resulting in six free parameters per planet. We perform
fits on six and seven-planet models in order to better quantify the plausibility of including
the candidate planet, as well as to examine the sensitivity of posteriors to including a seventh
planet. Thus, there are 36 and 42 free parameters corresponding to Keplerian motion in each

model.

We integrated using a timestep suggested by [101] by dividing the shortest orbital period by
25. Consequently, our integration time step used was 0.125 days. After integration, we use
the predicted transit times from the TTVFast model and the observed transit times (taken

from D23) to calculate a likelihood associated with the TTVs (Lprry):
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logLrry = —3 Z Z < obis — Lo m) + log(2m0p,) (4.3)

O_Obﬂ,]
where 7 is the i*™® transit of planet j, and n is the number of transiting planets in the model.

The N-body integration performed by TTVFast models planet positions at each integration
time step, which is sufficient to calculate the predicted radial velocity signal of the modeled
system. The presence of additional, non-Keplerian signals in the RVs, most likely coming
from spots or plage, requires the inclusion of an activity model. We utilize a GP to model
the correlated noise of the stellar activity. A GP creates a covariance matrix from its kernel
that models the covariance between each RV data point with each other data point. This is
ideal for modeling the expected quasi-periodic behavior of the activity signal. This matrix
can be used with the residuals of the planet fit to completely model the system. This is

represented in the RV likelihood function in Equation 4.4.

logLry = —%(T’T’CT + log |K| + N log(2m)) (4.4)

Above, K is the covariance matrix of our GP, N is the number of RV data points, and r is

a vector of residuals to the TTVFast predicted RV model given by Equation 4.5.

T = R‘/;bs - Rde -7 (45)
Above, v corresponds to a linear offset subtracted from the model. A different offset is fit
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for each instrument, and subtracted from velocities of each instrument uniformly.

Our choice of GP kernel is the chromatic K, kernel outlined in [74]. This GP kernel is an
expansion of the commonly used Quasi-Periodic GP kernel [173, 248]. The K ;; kernel utilizes
a different amplitude parameter for each instrument used in the fit, which is particularly
useful for RV instruments of different wavelength regimes, as stellar activity is expected
to be chromatic [90, 323]. This is not highly relevant in the case of TOI-1136, as the
central wavelength bands of all three instruments used (HIRES, APF, HARPS-N) are close
in wavelength-space (Though HARPS-N is not an iodine instrument, and this might have
a significant effect). However, this IC;; kernel can be used to model all three instruments
simultaneously in one covariance matrix, rather than the traditional method of calculating a
likelihood for each instrument and summing them. Consequently, RVs from each instrument
maintain a covariance even between RVs of other instruments. This is particularly useful for
preventing overfitting of the GP, which is a serious problem, especially in a model with so

many free parameters. This is discussed more in §4.5.3.

Our total joint model log likelihood is

logL,e = logLyry + logL gy + logP, (4.6)

where P is the product of all priors.

We generally adopted broad priors on the free parameters of TOI-1136, with a few exceptions.
The inclinations, while constrained by TTVs, are also informed by transit shapes, which
we did not fit for in our model, but which were fit in D23. To leverage this information
without including transit fits in our model, we use a Gaussian prior on the inclination of the

inner 6 planets, with values corresponding to the posteriors of D23. To prevent the perfect
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degeneracy between inclinations on either side of 90 degrees, we also put an upper limit of
90° on all the inclination priors, preventing chains from crossing that threshold. Technically,
we are restricting mutual inclinations between planets to minimum values, when two planets
could have inclinations on either side of the 90 degree threshold but still exhibit the same
transit shape. However, this difference in mutual inclination is limited to only a few degrees,
and is unlikely to affect our fit results, so we ignore it. We estimate the minimum and
maximum inclinations possible for the candidate planet to transit, and use these values as
uniform priors for TOI-1136 (h). The GP hyperparameters, too, can be informed by the
photometry. This is particularly important due to the flexibility of GPs, and our model’s
susceptibility to overfitting. Uninformative priors on GP terms give the GP the flexibility

to modify the model until residual scatter is minimized, even if the results are unphysical.

We use the posteriors of a GP fit to the FF’ predictions, detailed in §4.5.1, as priors on the

GP hyperparameters. A full list of our priors is visible in table 5.3.

Table 4.2: Priors Used for Various Fits

Parameter Name TTVFast Prior FF’ Prior Units Description
Planet Priors (b-g):
Porp U (0.99 * 1555,1.01 % upa3) | - days Period
Vecosw Uu-1,1) - Eccentricity Reparametrization
Vesinw Uu(-1,1) - Eccentricity Reparametrization
ZZ’ 1(0.0,0.01) - Planet-star Mass Ratio
M U(—180,180) - degrees | Mean Anomaly
i BN (1pa3, sdpas, 80, 90) - degrees | Inclination
TOI-1136(h) Priors:
Porp U(1,1000) - days Period
Vecosw Uu-1,1) - Eccentricity Reparametrization
Vesinw Uu(-1,1) - Eccentricity Reparametrization
:Z—Z 4(0.0,0.01) - Planet-star Mass Ratio
M U(—180,180) - degrees | Mean Anomaly
i U(89.5,90) - degrees | Inclination
GP Hyperparameters
11,HIRES U(1,100) - m st HIRES GP Amplitude
M,APF U(1,100) - ms~! APF GP Amplitude
Continued on next page
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Table 4.2 — continued from previous page

Parameter Name TTVFast Prior FF’ Prior Units Description
M, HARPS—N U(1,100) - ms~! HARPS-N GP Amplitude
M, PR - J¢(0.001,100.0) | m st FF’ GP Amplitude
n2 N?(9.6188,0.871) J(8.54,1019) days Exponential Scale Length
n3 N(8.429,0.094) N (8.429,0.094) days Periodic Term
N4 N (0.4402,0.0499) J(107°5,1) Periodic Scale Length
Instrumental Parameters
VHIRES U(—100, 100) - m s~ ! HIRES offset
VAPF U(—100, 100) - m s~ ! APF offset
YHARPS—N U(—100,100) - ms~! HARPS-N offset
YRR/ U(—100,100) m st FF’ offset
OHIRES 4(0.01,100) - ms— ! Instrumental Jitter, HIRES
OAPF 4(0.01, 100) - ms ! Instrumental Jitter, APF
OHARPS—N 14(0.01, 100) - ms~?! Instrumental Jitter, HARPS-N
OFF! - 4(0.01,100) ms~! Instrumental Jitter, FF’

@ U is a uniform prior with U (lower,upper)

b BN is a bounded normal prior with BA/(mean, standard deviation, minimum, maximum)

¢ J is a Jeffreys prior with J (lower,upper)

4 N is a normal prior with A/(mean, standard deviation)

* upos refers to the mean posterior taken from Table 10 in D23. sdpsg refers to the 1o uncertainty taken from Table 10 in D23.

~ indicates a free parameter that was not fit in that particular model.

We initially perform a simple least-squares optimization on our model using Imfit [294]. We

let all parameters vary during this optimization step, except for the GP hyperparameters

which are fixed. This is partially to prevent some measure of overfitting, which a least-

squares optimization may do for a complicated model, and is additionally unceccessary: our

FF’ fits detailed in §4.5.1 already provide a good estimate of our GP hyperparameter values,

and their uncertainties.

To model the posterior probability of our TTV + RV model, we used the emcee software

package to perform Markov-Chain Monte Carlo (MCMC) inference [125]. We utilize Differential

Evolution MCMC (DEMCMC) sampling with the DEMove in emcee documentation [370]




as well as the affine-invariant sampler proposed in [154] for faster MCMC convergence,
referred to in emcee documentation as the StretchMove. We experimented with different
hyperparameter values to tune the sampling, and we settled on sigma=2e-8 and gamma0=0.33
for the DEMove, as this combination produced the desired acceptance rate near 30%. We set
the single hyperparameter for the StretchMove to a=1.2, as this value produced the highest
acceptance. Both methods produced consistent results, though we report our results from

the DEMove.

We estimated convergence via the method proposed in [154] and further endorsed in [125],
by estimating the integrated autocorrelation time, 7. This value is approximated by emcee
during the MCMC process, and the estimate asymptotically approaches the correct value
as more steps in the sampling are computed. emcee documentation suggests using a large
number of simultaneous walkers, or chains, to more efficiently sample parameter-space, and
to more accurately estimate 7. The sampler should be run for multiple lengths of 7 to ensure
that final results are not subject to sampler uncertainty, and that final results sufficiently

reflect measured uncertainties of the data and model.

Less complicated models that utilized TTVFast in the literature were able to achieve precise
results using only dozens of walkers and tens of thousands of sampler steps [e.g. 41, 375].
Due to its increased complexity, however, we utilized 1000 simultaneous walkers for TOI-
1136, and we ran for 300,000 MCMC steps for both models. Our models estimate 7 at
~ 25000 model steps, suggesting that our model has run for > 10 autocorrelation timescales.
We also compute the G-R statistic to compare inter-chain and intra-chain variability [119].
Our model meets convergence criteria (G-R < 1.01 for all parameters) according to the G-R
statistic, though we caution that the this is considered less robust than autocorrelation times

when using the StretchMove ensemble in emcee.

Our final posterior parameter values are listed in Table 4.3. A plot of our RVs and TTVs

modeled to these values is visible in Figures 4.7 and 4.8. To encourage reproduction, we
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provide a public github repository with our analysis code and encourage others to use and

test it!.

Beyond the TTV + RV models described above, we ran a TTV-only model as well. This will
help us to quantify the effect RVs are having on our models more directly, and additionally
help when comparing results with D23. We only performed such a fit for a six planet model,
as a T'T'V-only fit with a single transiting planet is not highly meaningful. These results are

reported in Table 77, and are discussed further in §6.5.

4.5.3 Cross Validation

Our joint model (described in §4.5.2) has a large number of free parameters with respect to
the size of the dataset, and is consequently susceptible to overfitting. In principle, a dataset is
overfit when it learns the training data too well, and starts to recreate the statistical noise of
the data in its predictions, rather than information about a physical system. When training
a physically motivated model on data, the training likelihood of the model should initially
improve as the model learns the features of the data. However, the training likelihood will
often continue to improve (as the model learns the noise properties of the data it sees),
as its predictive ability on data it doesn’t see (the test dataset) begins to fall. When the
model likelihood increases at the expense of predictivity, we call this overfitting. We are
most interested in determining whether our final hyperparameters from the model in §4.5.2
are contributing to overfitting, and our intention is not to estimate model parameters in this

section.

We perform cross validation to assess our model’s predictive ability on data it has not seen
before. Ideally, we would follow the method proposed in [51], reserving 30% of our radial

velocity data as a “test dataset” and only training our model on 70%. We could, at fixed

https://github.com/CCBeard/T0OI-1136_Analysis_Code [36]
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intervals, check our model’s predictive ability and determine when the test likelihood starts
worsening. This method is not ideal for TOI-1136, however, for a number of reasons. Despite
our large model with 52 free parameters, our actual dataset contains a relatively small number
of points (87 transit times, 410 RVs, 497 datapoints). Removing 30% of our dataset would
largely reduce the size of a dataset already worryingly close to the number of free parameters.
Furthermore, shrinking this percentage would likely result in a test dataset that is not well
representative of the whole. Lastly, such tests often work best when repeated many times
to ensure that the randomly drawn test dataset is representative of the whole sample. Our
models are already extremely expensive to run (taking around 5000 CPU-hours to converge),
and repeating them dozens or hundreds of times would be prohibitively so. Additionally,
our model requires large amounts of random access memory (RAM) to manipulate the long
(300,000 steps) and wide (1000 chains) samples object, and our access to specialized high-
memory CPUs is additionally limited. Because of these constraints, we make a compromise
between a simpler cross-validation utilized in [166] and the more complicated method utilized

in [51].

[166] utilize cross-validation of their GP model by creating a grid of GP hyperparameter
values, and optimizing planet models with GP hyperparameters fixed at these values. This
optimization is performed on 70% of the data, and the authors then evaluate the likelihood

of the 30% test dataset.

When applying this to TOI-1136, we focus on the hyperparameters of the K;; GP kernel.
GP parameters often cause overfitting, as GPs are incredibly flexible. Because the rotation
period of TOI-1136 is clearly detected in §4.3.1, we focus only on the parameters 7y, ns,
and 74, known as the GP amplitude, exponential decay length, and periodic scale length,
respectively (described in [97]). We perform a grid search using these three parameters,
performing fits with them fixed at certain values. We prioritize values distributed around

the posterior of our model. The amplitude term was tested at values of 10, 50, 75, and 100
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m s~ . The exponential decay length was allowed values of 5, 10, 50, 100, 1000. Finally, the
periodic scale length was tested with values of 0.1, 0.2, 0.3, 0.4, 0.5. For comparison, our
final 7 planet model values, listed in Table 4.3, are 71 grrrs = 36.9 m s~ M.apr = 43.8 m

s™Y mmarps-n = 374 m s™! n, = 13.5 days, and ny = 0.25.

For each combination of hyperparameter values, we set up the model described in §4.5.2,
except with these three hyperparameters fixed at their selected value. We then split the RV
data into a training dataset (70%) and test dataset (30%) randomly. We do so by instrument
so that there is always the same number of APF, HIRES, and HARPS-N points. We then
optimize the free parameters of the model using Imfit [294] on the training dataset only. After
optimization, we estimate the likelihood of the training and test datasets. The training and
test datasets are then recreated again via random draw, and this process is repeated 100
times for each parameter trio, and we take the average result. Note that we only perform a
least-squares optimization to the model, rather than a full MCMC. This is to prevent this

check from being prohibitively expensive.

We perform the same calculation with the three hyperparameters fixed at the values taken
from our full MCMC posteriors. With a representative test likelihood value and training
likelihood value for each combination of GP hyperparameters and for our final model, we
scale each likelihood by the number of datapoints used to estimate. The result is a variety
of likelihoods that can be compared on the same scale. The idea is that if the training
likelihood is much better than the test likelihood, the model is probably overfitting. Ideally,
the scaled test and training likelihoods should be close to the same value, suggesting that

the model makes predictions on both datasets equally well.

We additionally follow [51] and check the predictivity of our activity model. We do so by
measuring scatter of the residuals of our training datasets compared to the scatter of the

residuals of the test datasets.
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Figure 4.5: Histogram of the difference between the scaled log-likelihood of the training
datasets described in §4.5.3 and the scaled test datasets. As a model becomes overfit to
data, the training likelihood should become much higher than the test likelihood. Positive
values indicate overfitting, and negative values indicate underfitting. A histogram of our
grid search results is shown in blue, and a histogram of the 100 samples using our 6 planet
TTV+RV posterior are shown in red hatches. Our model likelihood differences skew slightly
into overfitting, but they are much more highly concentrated around 0 than our grid search.
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Figure 4.6: Left: A comparison of the RMS of the training and test residuals during our
cross validation. The test datasets exhibit higher scatter, but their GP uncertainty is also
high, indicating that the model has trouble predicting the held-out, test dataset. Right: a
histogram of the residuals/uncertainty of the training and test datasets. Despite the large
RMS of the test dataset, its associated uncertainty is also high. Consequently, the predictions
are not unreliable, though imprecise. This again indicates slight overfitting, though it is less
than in [51].

Our final results in Figure 4.5 suggest that our final values might be slightly overfitting the
data, but that the posterior GP hyperparameter values are well within a normal range, and
most of our models are concentrated around zero (neither under or over-fitting). In Figure
4.6, we see the difference in residual RMS between the training and test dataset. The test
dataset exhibits much higher scatter than the training dataset, which is expected, but may
indicate overfitting considering the degree of difference. We recreate Figure 2 from [51] by
picking an iteration at random and plotting a histogram of the prediction value divided by
its uncertainty (lo GP standard deviation + RV error, added in quadrature). While the
test dataset exhibits higher scatter than the training dataset, it is not as anomalous as the

result demonstrated in [51]. This result agrees with the earlier likelihood estimation that

our model may be slightly overfit, but that it is not likely to be extreme.

Overfitting might alter posterior parameters into unphysical regimes, or cause under or
over-estimated posterior errors. Our general median agreement with D23 suggest that the
former is not likely happening, though our improved errors over D23 suggest that error

under-estimation may be happening. A combined RV /TTV analysis is expected to improve
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precision, however, and MCMC convergence checks, as well as our cross validation above

suggest that if this is happening, it is not extreme.

Table 4.3: TTV+RV Posteriors of TOI-11367

Parameter Name 6p TTV+RV Posterior | 7p TTV+RV Posterior | Units Description
Planet b
Fit Parameters
P, 4.1727 + 0.0003 4.1728715:5003 days Orbital Period
Vecoswy 0.151’8:83 0.18f8:8§ Eccentricity Reparametrization
Vesinwy 0.071L8'_82 0.04+0.06 Eccentricity Reparametrization
M, 51.9t}3"g 64.91‘};:; degrees | Mean Anomaly
ip 86.41+0.6 86.4+0.3 degrees Inclination
m, 3.50758 3.68156 Mg Planet Mass
Derived Parameters
Pb 2.80£1.00 2.95£0.96 g/cc Bulk Density
ep 0.027+0.009 0.03+0.01 Eccentricity
wp 25411 12.54+9 Degrees | Argument of Periastron
Ky 1.37+0.29 1.44+0.22 ms~?! RV Semi-amplitude
ap 0.05106=£0.0009 0.0511£0.0008 AU Semi-Major Axis
Tz;b 1216+12 1216+11 K Equilibrium Temperature
Planet c
Fit Parameters
P, 6.257440.0002 6.257770:0003 days Orbital Period
\/Ecos We -0.11£0.01 -0.084+0.02 Eccentricity Reparametrization
Vesinwe -0.31+£0.02 -0.29+£0.02 Eccentricity Reparametrization
M. 62.91’3'2 57.3f§‘_g degrees Mean Anomaly
ic 88.870°7 89.370 % degrees | Inclination
mp ¢ 6.321?1% 7.41f(1):gg Mg Planet Mass
Derived Parameters
Pe 1.454+0.29 1.71£0.28 g/cc Bulk Density
€c 0.114+0.01 0.09+0.01 Eccentricity
We 7042 7444 Degrees | Argument of Periastron
K. 2.1640.41 2.544-0.38 ms~! RV Semi-amplitude
ac 0.0669+0.0005 0.0669£0.0007 AU Semi-Major Axis
Tegq,c 1062+£7 1062+£8 K Equilibrium Temperature
Planet d
Fit Parameters
Py 12.5199-40.0004 12.519510-000% days Orbital Period

Continued on next page
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Table 4.3 — continued from previous page

Parameter Name 6p TTV+RV Posterior | 7p TTV+RV Posterior | Units Description
Vecoswy -0.10£0.01 -0.0740.02 Eccentricity Reparametrization
Vesinwy 0.1040.01 0.184+0.02 Eccentricity Reparametrization
My 140.6t§:i 165.0fg:(1) degrees | Mean Anomaly
ig 89.24+0.5 89.440.3 degrees Inclination
my, g 8.351’%:2 5.6f?:3 Mg Planet Mass
Derived Parameters
Pd 1.814+0.35 0.3140.06 g/cc Bulk Density
eq 0.04240.004 0.04+0.01 Eccentricity
wq -67+3 -68+6 Degrees | Argument of Periastron
Kq 2.274+0.46 1.52+0.27 ms~?! RV Semi-amplitude
ag 0.1062+0.0008 0.1062£0.0007 AU Semi-Major Axis
Teq,a 843+6 843+5 K Equilibrium Temperature
Planet e
Fit Parameters
Pe 18.801+0.001 18.80240.001 days Orbital Period
\/ECOS We 0.08+0.01 0.08+0.01 Eccentricity Reparametrization
Vesinwe -0.19+0.01 -0.22£0.01 Eccentricity Reparametrization
M 175.5f§:% 175.5f§'§ degrees Mean Anomaly
ie 89.21+0.5 89.3+0.3 degrees Inclination
my.e 6.071159 3.3170:3¢ Mg Planet Mass
Derived Parameters
Pe 1.814+0.35 0.9940.16 g/cc Bulk Density
€e 0.0425+0.004 0.0548+0.005 Eccentricity
We -67+3 -70+2.4 Degrees | Argument of Periastron
Ke 1.4440.25 0.7840.102 ms~! RV Semi-amplitude
ae 0.139+0.002 AU Semi-Major Axis
Tegq,e 73716 73616 K Equilibrium Temperature
Planet f
Fit Parameters
Py 26.321+0.001 26.3213£0.001 days Orbital Period
Vecoswy -0.02+0.01 -0.04£0.02 Eccentricity Reparametrization
Vesinwy 0.024+0.01 0.05£0.02 Eccentricity Reparametrization
My 51.41Li'i 52.4fé92'1 degrees Mean Anomaly
if 89.3+0.4 89.41'8:% degrees Inclination
my, ¢ 9.7;*3:3 8.22f§:§ Mg Planet Mass
Derived Parameters
pf 0.8940.22 0.7740.25 g/cc Bulk Density
er 0.00140.001 0.010.003 Eccentricity

Continued on next page
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Table 4.3 — continued from previous page

Parameter Name 6p TTV+RV Posterior | 7p TTV+RV Posterior | Units Description
wy -45+20 -51+£18 Degrees | Argument of Periastron
Ky 2.01£0.46 1.7440.55 ms~?! RV Semi-amplitude
ar 0.17440.002 0.1744-0.002 AU Semi-Major Axis
Teq,r 658+5 658+5 K Equilibrium Temperature
Planet g
Fit Parameters
Py 39.545+0.002 39.54470-001 days Orbital Period
Ve coswg 0.034+0.01 0.02+0.01 Eccentricity Reparametrization
Vesinwy -0.1940.02 -0.2040.02 Eccentricity Reparametrization
My —119.5f§‘g —118.5tg:g degrees Mean Anomaly
ig 89.5+0.3 89.7+0.2 degrees | Inclination
my 56753 12.0+52 Mg Planet Mass
Derived Parameters
Py 1.941.3 4.07+1.52 g/cc Bulk Density
eg 0.0440.01 0.0440.01 Eccentricity
wg -8143 -84+3 Degrees | Argument of Periastron
Ky 1.03£0.68 2.2240.78 ms~! RV Semi-amplitude
ag 0.229+0.003 0.229+0.002 AU Semi-Major Axis
Teq,g 57445 574+4 K Equilibrium Temperature
TOI-1136 (h)***
Fit Parameters
P - 7 days Orbital Period
Ve coswp) - 0.15 Eccentricity Reparametrization
Vesinw) - -0.24 Eccentricity Reparametrization
Mn) - 120.3 degrees Mean Anomaly
i) - 89.7 degrees | Inclination
my, () - <18.8 Mg 30 Mass Upper Limit
Derived Parameters
P(h) - 0.34 g/cc Bulk Density
€(h) - 0.002 Eccentricity
W(h) - 63 Degrees | Argument of Periastron
Kn) - 0.6 m st RV Semi-amplitude
ap) - 0.36 AU Semi-Major Axis
Teq,(n) - 460 K Equilibrium Temperature
GP Hyperparameters
M, HIRES 36.9752 33.973:2 ms~! | HIRES GP Amplitude
N,APF 438733 412127 ms1 APF GP Amplitude
MLHARPS—N 37.4152 33.2135 ms~! | HARPS-N GP Amplitude

Continued on next page
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Table 4.3 — continued from previous page

Parameter Name 6p TTV+RV Posterior | 7p TTV+RV Posterior | Units Description

72 13.51%'2 13.9f8'§ days Exponential Scale Length

n3 8.5540.011 8.5810:0% days Periodic Term

n 0.25t8:8‘é 0.26£0.02 Periodic Scale Length
Instrumental Parameters

YHIRES 9.146.6 10.0135 ms~! | HIRES offset

YAPF 4.2£7.0 3.943.9 ms~! APF offset

VHARPS—N 7.877% 54735 ms~! | HARPS-N offset

OHIRES 1.11’8:2 2.1t?:§ ms~! Instrumental Jitter, HIRES

TAPF 13;“;0 16.5f§‘_g ms— ! Instrumental Jitter, APF

OHARPS—N 4.7J_r§'g 7.9J_rg:g ms ! Instrumental Jitter, HARPS-N

* Although K is usually an observed parameter, it is computed in this analysis because our model parameterizes the planet masses directly.
** Estimated using an albedo of 0.

T All of the orbital parameters presented in this table are osculating elements computed at BJD 2458680 days.

*** We do not report uncertainties, as our model fits report overly-confident estimates that we consider unlikely to be accurate. We do

not significantly detect planet (h), and so these values are not likely precise.

4.6 Discussion

4.6.1 Adopted Model

We have run a total of three large analyses: a 6 planet TTV + RV fit (Al; Table 4.3), a 7
planet TTV + RV fit (A2; Table 4.3), and a 6 planet TTV only fit (A3; Table ?7). Not all
of these results agree. For example, Al finds a mass of 5.6755 Mg, for planet g, while .42
finds a mass of 12.0753. Another example has the mass of planet d in A2 as 5.670) Mg, and
in A3 as 9.44+1.2 M. We feel that it is worthwhile to include all of these results, especially
to emphasize how differences in assumption can change model results significantly. We also
feel it is best to select a single result as the primary focus of the discussion, and to choose

an adopted model.

135



© HIRES R
® APF o
°1 @ HARPS-N °

"|l U

M H| L l!l Ui ll ‘il\i"!‘ ulml,

| ! ,ill m‘!l il 'll\

|1
3 ) JIeRT

i i

RV Amplitude (m s71)

Residuals (m s™1)

RV Amplitude (m s71)

RV Amplitude (m s71)

RV Amplitude (m s71)

Orbital Phase

RV Amplitude (m s71)

Orbital Phase

Figure 4.7: Top: Total RV model to TOI-1136, planets and GP. Middle: Residuals to seven
planet GP fit. Bottom: Phase folds to each planet in TOI-1136 after subtracting the activity
model and each other planet. RVs are adjusted for instrumental offsets. We note that APF’s
lower precision was not ideal for tracking planetary reflex, but helped to constrain the stellar
activity. The RV data used in our analysis are available as “data-behind-the-figure”.
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Figure 4.8: TTV O-C plots for each of the six inner transiting planets (b-g), from top to
bottom, left to right. Red lines indicate the maximum likelihood TTV model predictions
from a seven planet model, while green lines indicate a six planet model. Light blue lines
indicate the final prediction of 100 randomly selected chains. We do not include a fit to
the single transit of TOI-1136 (h). We also highlight TESS sector 75, where TOI-1136 will
receive additional observations. The two models predict significant TTV differences during
this Sector.
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Going forward, we will mainly talk about the 6 planet TTV + RV model, A1, and we choose
this as our adopted model. We choose this over A3 because it utilizes all of the data we have
on hand, and because a TTV+RV analysis should be less susceptible to certain biases in
mass measurement [365, 281]. Additionally, as remarked later, the TTV+RV+GP analysis
is unique and interesting for such a high multiplicity system, and selecting this model further
differentiates from the detailed analysis of a 6 planet T'TV-only model already carried out
in D23. We reject A2 as our preferred model because of the non-detection of planet (h) in

the model, and the unreliable estimates of the planet’s parameters.

4.6.2 A Seven Planet System?

While we identify a statistically significant transit in §4.4.2 that may correspond to a seventh
planet, we do not significantly detect a mass for TOI-1136 (h) in our 7 planet model.
Consequently, while the single transit is evidence for an additional planet in the system,
we cannot confidently report its orbital period or mass. Thus, we will call this a candidate

planet for the remainder of the discussion.

We spend the next sections frequently comparing TOI-1136 to the highest multiplicity
exoplanet systems. We feel the comparison is appropriate because of the serious possibility
that a seventh planet exists in TOI-1136, but we emphasize its status as a candidate. To

reflect this nature, we will refer to the candidate at TOI-1136 (h) in various plots.

4.6.3 Unique High Multiplicity Architecture

The TOI-1136 system currently stands as a particularly unique planetary system. It is
among the highest multiplicity exoplanet systems known, tied with TRAPPIST-1 [7 known

transiting planets; 148, 1] if we include the candidate planet, and just below Kepler-90 [8
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known transiting planets; 73, 341] and the solar system. None of these systems are alike

beyond multiplicity, and TOI-1136 continues to buck the trend of similarity.

TRAPPIST-1 is an ultra-cool M dwarf with a compact architecture of planets. The planets
are all terrestrial in size (R, < 1.2 Rg) and are all on short orbital periods, close to their
host star (P, < 19 days). While the TRAPPIST-1 system has multiple potential habitable
zone planets [220], making it independently interesting, their small radii suggest that they
may only have small atmospheres, and their study via transmission spectroscopy may be
impossible. Already, analyses of the atmospheres of TRAPPIST-1 b and ¢ are consistent
with a no-atmosphere model [157, 192, 238], though [227] maintain that the outer planets

are still likely to have at least a small atmosphere.

Kepler-90 orbits a slightly evolved, early G dwarf, and has several longer period transiting
planets. Unlike TOI-1136, Kepler-90 follows a fairly clear demarcation, with smaller, super
Earth and sub-Neptune planets on shorter orbital periods, and larger gas giants on exterior

orbits.

TOI-1136 consists entirely of sub-Neptune sized planets, likely none of them terrestrial.
Further, none are large enough to call gas giants, either, and the planet sizes do not follow
any clear sequence or demarcation, with the largest planet third from the star. We highlight
the architectural differences in Figure 4.9. TOI-1136’s youth is yet another distinguishing

feature that adds to the system’s value.

Kepler-11 is perhaps the most similar Kepler system to TOI-1136, with six transiting planets
orbiting a G dwarf [241]. Additionally, its six planets are all similar in size (R, = 1.8 - 4.2
Rg) and density (p = 0.58 - 1.4 g/cc) to TOI-1136. As with many Kepler systems, the low
brightness of Kepler-11 makes RV observations difficult, making any combined analysis like
that of TOI-1136 more challenging, though a TTV + RV analysis was done in [392]. This

system is also likely not young, making some science cases less promising.
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Figure 4.9: We highlight the disparate architectures of the highest-known multiplicity
planetary systems, as well as a few systems similar to TOI-1136. We highlight that the
candidate seventh planet in TOI-1136 does not have a confidently detected orbital distance.
Planet and stellar radii are scaled for comparison to other systems, though we emphasize
that the planet-star size is not to scale. None of the systems exhibits a clear analog to any
of the others, and all have the potential for very interesting, future study.

We finally compare TOI-1136 to V1298 Tau, a very young system with four transiting
exoplanets [368]. The system is even brighter than TOI-1136, and the star is even younger
(~ 20 Myr). V1298 Tau’s RVs are much more contaminated with stellar activity than even
TOI-1136, making its study very challenging [51]. The system does not appear to exhibit

TTVs, however, making its mass extraction much more difficult than TOI-1136.

While many systems exhibit many of the attractive features present in TOI-1136 (multiplicity,
youth, TSM), few others have all in the right combination to allow for precise mass measurement,

as is possible with TOI-1136.
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4.6.4 Resonance Gives Insight into Formation

D23 performed an extensive analysis of TOI-1136, especially considering the resonant orbital
properties of neighboring planets, and the overall dynamical stability of the system. Unlike
most Kepler systems, the orbital periods of TOI-1136 do not deviate from resonance by more
than 1%. Particularly strange is the existence of a second-order resonance between planets e
and f, which is rare and usually unstable. The youth of TOI-1136 (~ 700 Myr) suggests the
possibility that TOI-1136 is a young precursor to more mature Kepler systems, and perhaps
suggests that higher order resonances are more common than observed, but become unstable

on shorter timescales.

This unique characteristic of TOI-1136 allows us to make more sophisticated guesses about
the system’s formation and evolution. The system can in many ways be likened to a snapshot
of a younger Kepler system. Our constraints on eccentricity and argument of periastron, in
particular, may shed light beyond the analysis in D23. When experiencing Type-I migration,
planets will often form far from the star, and move inward via mutual interactions and disk
torque. Theory suggests that such migration results in opposite arguments of periastron to
minimize mutual interactions [34]. We include a similar figure to Figure 19 in D23 (Figure
C.3). With the exception of planets ¢ and d, and the candidate, posteriors are highly
suggestive of Type-I migration. Future atmospheric studies would likely help confirm if

indeed the planets in TOI-1136 migrated inward, possibly from the beyond the ice line.

4.6.5 Improved Mass Precisions?

TKS began observations of TOI-1136 well before its true multiplicity was known, and before
any significant transit time variations were detected. As our knowledge of the system evolved,
the large number of RVs acquired for the system became less obviously useful: with the high

mass precisions measured in D23 for the 6 planets using TTVs alone, the RVs seemed
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unlikely to improve our mass constraints by a great deal. RV-only fits were hindered by
several challenges, preventing significant detections of most of the planets. Mainly, the
stellar variability amplitude was many times larger than the expected RV semi-amplitudes,
and the stellar rotation period was close to several of the planet orbital periods. With the
relatively poor cadence of RV data (compared with photometry), disentangling Keplerian

signals from stellar variability became very hard to do with confidence.

Our adopted model generally extracts mass precisions and values consistent with D23.
Planet’s ¢, d, and g see slightly improved mass precisions, while the others see slightly
worse. Our 7 planet model and our TTV-only models, however, see generally much more
precise masses, and in some cases masses quite distinct from D23. It may be that including a
seventh planet improves the model significantly, though we consider this unlikely considering
its insignificant detection and possibly incorrect orbital period. Additionally, the inclusion of
RVs may not be the only contribution to our adopted model’s differing posterior parameters.
Figure C.4 shows our results, compared with a TTV-only model run using TTVFast and
emcee. It is clear that, especially for the inner planets, the fits which include RVs are
not more precise. They are, in fact, typically less well constrained than a TTV-only fit.
This suggests that the resulting differences are more likely caused by a different N-body
integrator, sampler, or both. D23 utilized JAX [60] for N-body integration, and a No U-Turn
Sampler [NUTS; 49| for inference. We utilized TTVFast for N-body integration and emcee

for sampling.

An analogous situation may be the mass measurements of TRAPPIST-1 in [391], which
utilized TTVFast and emcee, that were later rectified in [1] using a NUTS sampler. The
situation is not perfectly analogous, however, as the masses reported in [391] were highly
discrepant with those in [1], which is not the case between our mass estimates here, and the
values reported in D23. Additionally, the uncertainties reported in [391] were much larger

than the values reported in [1], which is only the case for three planets in our adopted model,
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and the difference is not large. Additionally, we know of at least two multi-planet systems
with a TTV + RV analysis that utilize TTVFast and emcee in conjunction [Kepler-11; WASP-
47; 392, 9], suggesting that the combination is not necessarily unreliable. Convergence and
other sanity checks do not suggest issues during inference, and so we report our results here
with a caution that the 7 planet fit and the TTV-only fit have discrepancies with D23, and

we are not entirely certain of the cause. Our adopted model, however, is generally consistent.

The high amounts of correlated noise in the RVs are the most likely culprit lowering the
precision of our TTV + RV models. Despite this, we include them in our model for a number
of reasons. A 6 planet TTV + RV model is generally more consistent with D23. Including
RVs also prevents our results from biasing towards the known systematic differences between
TTV masses and RV masses [365, 281]. Further, the additional complication added to the
analysis by utilizing a TTV + RV + GP model, we feel, is a useful case study for the field,

regardless of the result.

Few exoplanet studies are capable of utilizing both RVs and dynamical TTVs, and those
systems that are amenable typically have lower multiplicity. Many high-multiplicity systems
are analyzed by their TTVs alone [e.g. 241, 1], or their RVs alone [i.e. 286, 115, 332, 253, 377],
and lower-multiplicity systems have seen combined analyses [i.e. 395, 9, 394]. The only other
high multiplicity system (> 5 planets) for which RVs and TTVs are jointly modeled is Kepler-
11 [392]. [392] found that including RVs did not improve mass measurements of Kepler-11
appreciably compared to TTV-only fits, though a comparison is imperfect as this analysis
only utilized 27 RVs, in contrast to the 410 RVs used in our analysis of TOI-1136. Our
analysis appears to be the first for which an N-body forward model with Gaussian process
is jointly fit to the TTVs and RVs. A full photodynamical analysis of the photometry
jointly with the RVs, including a model for stellar activity in both the photometry and the
RVs, might further improve the planet mass and orbit determinations, but such an effort is

enormously computationally costly and is beyond the scope of this paper.
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Figure 4.10: TSM versus planetary radius of known exoplanets, taken from the Exoplanet
Archive on 25 October 2023. We also highlight TRAPPIST-1, Kepler-90, Kepler-11, and
V1298 Tau, the systems we discussed as most relevant for comparison with TOI-1136. None
of these other systems have TSM values as high as TOI-1136. While several planets in
TOI-1136 have only average TSM values, planets ¢ and d are very good for follow up. We
emphasize that the probable existence of an atmosphere on all planets in the TOI-1136
system inflates the system’s TSM values, and the system would be less useful for a study
focused on terrestrial planets.

4.6.6 Prospects for Atmospheric Studies

The potential for future atmospheric studies is a significant portion of TOI-1136’s value to
the scientific community. The bulk densities of all six transiting planets, and the candidate
seventh, are consistent with appreciable atmospheric envelopes, suggesting that atmospheric
features may be detected on all seven planets. The transmission spectroscopy metric [TSM;
214] is a useful metric for assessing the value of transmission spectroscopy for a variety of
planet regimes. Planets b-g have TSM values of 68, 116, 260, 64, 115, and 47, respectively.
These values are estimated assuming an albedo of 0, as is often done [e.g. 40]. TOI-1136 ¢
and TOI-1136 d both rank higher than the follow-up cutoffs suggested in [214], and planet
d is particularly good, ranking in the second quartile of large planets. A comparison of

TOI-1136 TSMs with other published exoplanets is shown in Figure 4.10.
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The true value of studying TOI-1136 via transmission spectroscopy comes from a combination
of its multiplicity and its youth. Multiplicity allows for comparative exoplanetology between
planets in the same system. This is advantageous because the formation environment of a
planetary system is a considerable source of uncertainty, and studying multiple planets in
the same system allows for the removal of this uncertainty [299]. Comparing the different
environments and atmospheres between the planets of TOI-1136 would provide a great deal
of information about the processes that formed the planets in the system, especially their
dependence on non-stellar parameters. Is the composition of all the planets the same? If
they differ, does it depend on orbital period or eccentricity? Have interior planets been

noticeably depleted of volatiles by XUV sculpting?

The youth of TOI-1136 suggests that the system is likely still evolving. Some studies
suggest atmospheric stripping may occur on Myr timescales [333], while others suggest that
it continues into the Gyr regime [48]. For example, the high insolation received by many of
the planets in the system might plausibly strip the atmospheres of the inner planets, if it has
not done so already. The largest planet in the system, however, is third closest to the star, in
contrast to the typical architectures seen in multi-planet systems [243]. This suggests that
atmospheric stripping may be ongoing in this system. Preliminary atmospheric observations
of TOI-1136 d detect Ha absorption, a possible sign of atmospheric stripping (Orell-Miquel
et al., in prep). Furthermore, the stellar type of TOI-1136 is very similar in parameter
space to the Sun, which offers particularly strong motivation for additional study. While the
planetary environment does not appear at all similar to the Solar system, the evolution of

TOI-1136 could inform predictions about the evolution of our own home.

The youth of TOI-1136, while adding to the potential scientific interest of transmission
spectroscopy, might also hinder spectral models. Spectral contamination, however, most
strongly hinders low-resolution spectroscopy of late type stars, and earlier type stars mainly

see contamination in optical wavebands, which is less of an issue for JWST [144]. Additionally,
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such contamination can be mitigated by high resolution spectroscopy, which we have in

abundance for TOI-1136.

Comparing the various planets of TOI-1136 with other known planets can be highly suggestive
of their compositions. We put the 6 known planets, and the candidate planet, on a mass-

radius diagram in Figure 5.8.

The possible compositions of the planets in TOI-1136 depend strongly on the insolation.
Planets in TOI-1136 are hot, with insolations of 365, 213, 84, 49, 31, and 18 Sg. [247] only
estimate compositions curves for a limited number of insolations, the closest being 10 S and
1000 Sg. Despite these caveats, the placement of the planets in mass-radius space suggests
a wide variety of possible compositions for every planet in the system, and follow-up study
with JWST would likely reveal a great deal about the chemicals in the atmospheres of these

plaents.

Planet b is in the radius gap [134], and might realistically have a terrestrial or gaseous
composition. Figure 5.8 suggests a large envelope of water vapor may be the best description
of TOI-1136 b’s atmosphere, though a variety of volatile envelopes could presumably describe
the planet as well. D23 made a strong case that TOI-1136 has experienced Type-I migration,
which makes planet b an excellent water world candidate. The resonance of the system
suggests that planets likely migrated inward, which is one of the primary ways an exoplanet
so close to its host star might still contain significant amounts of water. Our new constraints
on the argument of periastron of the planets in the system further suggest Type-I migration
(Figure C.3), as neighboring planets are expected to have anti-aligned arguments of periastron

[34].

Planet ¢, d, e, and f, on the other hand, seem consistent with a large gaseous envelope of
H, or some other volatiles. Even among these planets, compositions vary appreciably, with

planets d and f likely containing larger envelopes of Hs, while planets ¢ and e are notably
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less “puffy”. Stellar winds may have stripped some of their atmospheres, but it remains a
mystery as to why planet e would experience such stripping at an increased rate as compared

to planets d and f.

TOI-1136 (h) does not have stringent mass or orbital period measurements, and we cannot
say much about its potential composition, except that it likely contains a gaseous envelope
of some kind. Future studies that confirm or refute the planetary nature of this signal could

shed a great deal of additional light on its theoretical composition.

4.6.7 Bridging the Radius Gap

A dearth of exoplanets with radii between 1.5 Rg and 2.0 Rg was first identified in [134], and
since has been of great interest to the exoplanet community. This line seems to demarcate
terrestrial planets from more gaseous sub-Neptunes, and exoplanets within the gap, in
particular, could be subject to either composition. Studying systems with planets on either
side of the radius gap can give special insight to the formation, and a number of such studies
have been carried out in the literature [92, 295]. TOI-1136 is an extremely useful system
to include in such studies, as it has 1 planet within the radius gap (b), 5 planets above the
radius gap (c, d, e, f, g), and a candidate planet above the radius gap (h). A great deal of
information might be gleaned from a follow-up study examining each planet’s expected role

in such a configuration, though it is beyond the scope of our analysis here.

4.6.8 Future Work

We expect TOI-1136 to receive continued observations and scientific interest. Many of the
most attractive features of the system, such as its amenability to transmission spectroscopy,

are due to the possibility of future observations. TOI-1136 makes for an extremely compelling
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Figure 4.11: Mass-radius diagrams of known exoplanets taken from the NASA Exoplanet
Archive on 12 May 2023 in gray, with the planets in TOI-1136 highlighted. We include only
exoplanets with better than 20 mass precision. We include composition profiles taken from
[406] for rock, water, and iron compositions, indicated by a solid line in the figure, and a
(Z) in the legend. We include Hy envelopes of different percentages taken from [247], as the
[406] profiles may not be as accurate in the regime of large gaseous envelopes [324]. These
are indicated by dashed lines, and are notated with a (LF) in the plot legend. A wide variety
of compositions might explain the bulk density of the planets in TOI-1136, and planet b in
particular might have either a small volatile envelope, or could be consistent with a “water
world”. We place TOI-1136(h) at its 3¢ upper limit, and use a downard arrow to indicate
our uncertainty in its mass.
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target for JWST.

Future RV observations might better constrain the mass of the system, though future TESS
observations are likely to be more fruitful. TTVs seem to contribute a great deal to the
mass precision of the system’s exoplanets, and more transits should only further refine our
knowledge. Other parameters, such as radius, orbital period, and time of conjunction will see
improvements with more TESS observations. Observing additional transits of the candidate
planet would be the best way to confirm its planetary nature. Fortunately, TESS will be

re-observing TOI-1136 in Sector 75, which starts on 30 January 2024.

This system is particularly interesting in the context of the observed discrepancy between
TTV and RV measured exoplanet masses [365, 281]. Very few exoplanet systems with TTV
masses are also amenable to RV follow-up (< 7; NASA Exoplanet Archive). Recovering
significant mass measurements with RVs alone, while preventing GP overfitting, would be
a challenging task, probably requiring many more observations, but could potentially shine
light on this discrepancy. It might additionally alleviate concerns raised in §4.5.3 about

model overfitting, as it would be interesting to ensure the two methods are consistent.

4.7 Summary

We utilize a combination of TTVs, RVs, and a GP to measure the mass of the six-planet
system TOI-1136, and place constraints on the orbital properties of a potential seventh
planet. This detailed analysis will inform future studies of TOI-1136, as the system is a top
candidate for transmission spectroscopy, and is a huge source of potential information about

planetary formation.
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Chapter 5

Utilizing Photometry from Multiple
Sources to Mitigate Stellar Variability
in Precise Radial Velocities: A Case

Study of Kepler-21

5.1 Foreword

Radial Velocities (RV) have long been an important method for discovering and characterizing
exoplanets. Initial discoveries of Hot Jupiters were executed using RV instruments with
precision near ten meters per second [272, 68, 69]. Improvements in instrument design,
pipelines, and analysis methods have allowed us to detect smaller signals, such as those with
lower masses and longer orbital periods [275, 374]. Later, the Kepler mission [57] would
reveal that the dominant population of exoplanets consists of intermediate-sized exoplanets

between the size of Earth and Neptune, dubbed Super-Earths and Sub-Neptunes [e.g., 185].
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Measuring the masses of this common type of exoplanet is a more challenging prospect than
discovering them via transits. As a transit survey, the Kepler mission could only measure
planet masses for a small number of systems that exhibited transit timing variations [TTVs;
164]. RV follow-up continues to be the most reliable method for measuring planet masses, and
the field continues to push RV sensitivity to smaller and smaller values, with the longstanding

-1

1 m s noise floor recently being breached by new instruments.

New RV instruments with on-sky (or expected on-sky) precisions well below 1 m s™! are

available today, though they still are generally unable to characterize exoplanets with RV
semi-amplitudes similar to Earth’s [10 cm s™1; 399]. This is due primarily to correlated noise
in the RVs from a variety of stellar astrophysics that interfere with small planetary signals,
sometimes many times larger than the planetary signal in question [76, 77, 105]. These
astrophysical noise sources can manifest as uncorrelated white noise, or “jitter,” at the ~ 1
m s~! level [e.g. 29], or more frustratingly, they can create correlated noise that resembles
false planetary signals, creating false positives [251]. Hence, to detect planets at the limits
of our technological capacity, we must first deal with astrophysical noise sources many times

larger than our instrumental variability.

High-cadence stellar lightcurves from transit surveys such as Kepler and TESS offer a
powerful diagnostic tool for correcting activity contamination in RV data caused by a
multitude of stellar astrophysics. For example, [5] developed a diagnostic, F'F’, that is
an excellent predictor of RV variability induced by rotating active regions on Sun-like stars.
More recently, [76] predicted that high-cadence photometry may also help diagnose RV jitter

from granulation at amplitudes below 1 m s~

Why should stellar variability in photometry inform variability in RV data at all? Spot
modulation in particular can have large effects on both datasets. Spots and plages represent
regions of enhanced magnetic activity, and they show up as extra bright or dim regions in

photometry. These features affect RV data by creating an anomalous red or blue shift for
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some small region of the star, reducing or increasing the total measured Doppler velocity
[105]. Spots typically rotate into and out of view, creating a periodic, or quasi-periodic,

variation of both photometric brightness and measured RV.

Importantly, while there may be phase offsets between a spot’s signature in photometric or
RV data, the two datasets should modulate with a related frequency, since this modulation is
caused by a real, physical rotation of the star. Thus, the frequency structure of photometry

and RV data should be related, if not identical.

These stellar surface features come and go, with typical lifetimes varying depending on
spectral type [147, 146]. Consequently, the frequency structure of the stellar activity will
typically evolve over time, and we may not be able to enforce a strong relationship between
photometry and RV data taken temporally far apart. Hence the general opinion in the
field of exoplanet science that RV data taken contemporaneously with photometry is more

informative for mitigating stellar activity than data taken much earlier or later [173].

Temporal proximity to RV data is not the only consideration when examining photometric
datasets. Kepler, for example, was a much more precise instrument than TESS (For Kepler-
21: OKepler,med=4.38 PPIM; OTESS mea=38.38 ppm), and was sensitive to brightness variations
that TESS cannot detect. Further, the observing strategy of Kepler allowed it to typically
constrain periodic signals near 45 days or less [278], while TESS’s mission strategy prevents
rotation estimates much greater than 12 days [181]. Even if simultaneous, TESS may not
be able to constrain magnetic activity in RV data if its periodicity is longer than this limit.
All of these considerations have motivated us to study the tradeoffs of utilizing different

photometric datasets.

We set out to study a handful of Kepler targets with the NEID spectrograph [336, 165]

at Kitt Peak National Observatory (KPNO), located on the WIYN telescope!, while TESS

!The WIYN Observatory is a joint facility of the University of Wisconsin-Madison, Indiana University,
the National Optical Astronomy Observatory and the University of Missouri.
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was observing them. We were interested in studying the utility of simultaneously acquired
precision RVs, and how these can best be combined with photometric data to mitigate stellar

variability.

Here we present a deep dive into the RV and photometric data of one of our targets, Kepler-
21, and explore the best ways to mitigate the stellar variability in its RVs using photometry.
Kepler-21 was first studied by [186], and later in (author?) [249, hereafter LM16], and
has seen extensive interest in the community for a variety of reasons. [56] recently released
a catalog of RV systems that further improved the mass precision of Kepler-21 b to >
50 precision, though they did not discuss the system in depth. Kepler-21 is the brightest
planet-hosting Kepler system (V = 8.5) and hosts one of the first detected exoplanets with
a composition similar to Earth. Kepler-21 b also resides in the exoplanet radius valley [134],
which, due to the paucity of planets in the region, and our incomplete knowledge of planet
formation and evolution, makes it a compelling target for atmospheric study. Despite the
variety of attractive features, stellar magnetic activity (RV RMS = 5.32 m s~!) has long
challenged our ability to precisely measure the mass of Kepler-21 b, and to explore other
features of the system. Utilizing a variety of new, precise RVs, Kepler-21 presents an ideal
target to test the sensitivity of different activity mitigation models trained on Kepler and
TESS, as well as to refine the orbital parameters of an important planetary system. We
additionally place constraints on the orbital period and mass of a candidate super-Jupiter

outer companion to Kepler-21 b, which we designate Kepler-21 (c).

We present an overview of the data used in our analysis in §6.3. We briefly discuss our
utilized stellar parameters in §5.3. We next present an analysis of the data in §6.4. We

discuss our results in §6.5, and provide a final summary in §6.6.
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5.2 Data

5.2.1 Photometric Data

Kepler Photometry

Kepler-21 was observed for the entire duration of the primary Kepler mission [57]. The
Kepler spacecraft utilized a 1.4 m primary mirror to observe > 190,000 main sequence stars
using its 115 square degree field of view. Kepler-21 was observed from 2 May 2009 to 11

May 2013, spanning 1470 days, or just over four years.

Kepler-21 saw both long-cadence (29.4 min) and short-cadence (58.85 s) observations. Short
and long cadence data are available for all 17 Kepler quarters, with the exception of Q1, Q3,
and Q4, where only long-cadence data are available. We, like LM16, utilize long-cadence
data during our photometric fits, for the sake of uniformity. We utilize the Presearch Data
Conditioning (PDC) flux, estimated with the Kepler Science Processing Pipeline [KSPP;
197]. We use the lightkurve package (v. 2.4.1) to download Kepler PDCSAP flux data [237]
for use in our transit analysis and training. The Kepler long-cadence data have an median
errorbar of 4.4 ppm. Kepler data quality does vary from quarter to quarter, though not
at levels that are relevant to our analysis. We utilize the 1ightkurve NaN/outlier removal

functions to remove datapoints flagged as unreliable [237].

TESS Photometry

Kepler-21 was observed by the Transiting Exoplanet Survey Satellite [TESS; 318] during
Sectors 14 (18 July - 15 August 2019), Sectors 40-41 (24 June - 20 August 2021), and
Sectors 53-54 (13 June - 5 August 2022). We use the presearch data conditioning simple

aperture (PDCSAP) flux reduced from by the TESS science processing operations center
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[SPOC; 198] pipeline during our analysis.

We again utilize built in lightkurve functions to remove TESS datapoints flagged as
unreliable. Kepler-21 was observed both with short-cadence (2 min) and long-cadence (30

min) observations. We utilize TESS short-cadence data, which has an median error of 38

5.2.2 Radial Velocity Data

HIRES RVs

We utilize 49 archival and 20 newly acquired RVs of Kepler-21 taken with the High-Resolution
Echelle Spectrometer [HIRES, 387], mounted on the Keck-I telescope at W.M. Keck Observatory.
RVs were extracted using the iodine-cell method described in [70], and we utilized archival
data from [71] for the older RVs. This archival data was run through the California Planet
Search [CPS; 184] pipeline in conjunction with our newly acquired HIRES RVs before

analysis.

After binning observations taken on the same night, our HIRES dataset consists of 36
RVs. While more sparse than the other RV datasets, the HIRES RVs span by far the
longest observation baseline, greatly expanding our sensitivity to the long period companion
discussed in §5.4.6. HIRES observations span from 31 August 2010 to 14 July 2023. Binned
HIRES RVs have an average SNR of 200, estimated as a per-pixel average at peak blaze in
the middle of the iodine region (500-550 nm). This corresponds to an internal average error

of 2.4 m s~ L.
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HARPS-N RVs

Our analysis utilizes 98 RV observations of Kepler-21 using the High-Accuracy Radial Velocity
Planetary Searcher North [HARPS-N; 89] located at the Telescopio Nazionale Galileo. 82 of
these RVs were first published in LM 16 after their analysis of Kepler-21 b, and an additional

16 were published in [56].

HARPS-N RVs have an average SNR of 167 at 550 nm, which corresponds to an average RV
errorbar of 1.39 m s~1. LM16 originally noted that this value is higher than the expected ~ 1
m s~ uncertainty for a star of this spectral type at this SNR, and this is likely a consequence

of line broadening due to the high vsini of Kepler-21 (detailed more in §5.3).

NEID RVs

We obtained 22 high cadence observations of Kepler-21 with the NEID spectrometer located
at Kitt Peak National Observatory. NEID is an extremely stable instrument capable of
obtaining RV precisions of better than 50 cm s™! on bright stars [336, 165]. Our observations
range from 15 April 2021 to 13 June 2022, with most concentrated around TESS observation
windows. Indeed, our observing strategy was to obtain as many high-cadence RVs of Kepler-
21 as possible during, or near, TESS observing windows. Particularly poor weather in 2021
prevented us from obtaining as many simultaneous observations as would have been ideal,
and the Contreras fire shut down Kitt Peak mere days after our observing sequence began in
2022. Despite this, we obtained seven NEID RVs simultaneous with TESS observations, with
most of the rest of our RVs nearly simultaneous. Our coverage relative to TESS observations

is visible in Figure 5.1.

We reduced the NEID RVs using the SpEctrum Radial Velocity Analyser [SERVAL; 405]
software package, modified for use with NEID [see 363]. Our NEID data has a mean SNR
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Figure 5.1: A plot of our NEID RV coverage as a function of time. TESS simultaneous
veiwing is highlighted with a light blue streak. All of our NEID RVs were obtained near in
time, or simultaneously, with TESS observations.

of 102 at 490 nm, and a mean RV precision of 2.2 m s71.

5.3 Stellar Parameters

Kepler-21 is a bright (V = 8.5), slightly evolved F5 subgiant. We follow LM16 and use the
stellar parameters of Kepler-21 taken from [346], who derived stellar properties for 33 Kepler
systems. Kepler-21 also saw study via asteroseismology, which allows us to constrain its age
(2.84 £ 0.35 Gyr) and provides a separate measure of the system’s rotation period [14.83 £
2.41 days; 186].

Because it is a slightly evolved star with a short stellar rotation period, we expect a high
vsini. LM16 measure vsini = 8.4 &+ 0.5 km s~!. This value is sufficiently high to create an
effective noise floor for our most precise RVs. Indeed, the average error of our HARPS-N and

NEID RVs do seem hindered by a precision limit near 1.5 m s~!. This is especially notable
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LonaG

for NEID, as the NEID exposure time calculator estimates a precision of 0.47 m s~
star with a small (< 2 km s™1) vsini of equal brightness and exposure time. Our full stellar

parameters are visible in Table 6.1.

Table 5.1: Stellar Parameters

Parameter | Estimated Value | Units | Reference
M, 1.4081003 Mg 1

R, 1.90270:018 Ro 1

L, 5.18810142 Lo 1

P 0.287+3002 cgs 1

log g. 4.026 + 0.004 cgs 1

Tesr 6305 £ 50 K 1
[Fe/H] -0.03 = 0.10 1
Age 2.84 £ 241 Gyr 2

1 refers to [346]. 2 refers to [186].

5.4 Analysis

5.4.1 Training Our Models

Throughout the paper, and in the following sections, we will often use the terms “Kepler-
trained”, or “TESS-trained.” As mentioned in §6.1, training activity models on different
photometric datasets is expected to have different effects on RVs. Precision, temporal

proximity, and observing baseline are expected to have the largest effect. To explore these
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tradeoffs, we train on Kepler and TESS photometry independently. This training consists of
fitting a Gaussian Process [GP; 10] to photometry prior to utilizing the posteriors of these

fits as priors for RV fits.

Because RV data is more sparse than photometry, our Kepler and TESS datasets need not
be used at their full temporal resolutions. We bin our photometric data using 0.1 day bins.
We also restrict our training to Sectors 40 and 41 of TESS, and Quarters 6 and 7 of Kepler.
Sectors 40 and 41 were chosen because our NEID RVs were taken contemporaneously with
these Sectors, and Quarters 6 and 7 of Kepler were chosen because of their simultaneity to
HARPS-N RVs. Our intent is to give each dataset the best possible chance of informing the
RV model most accurately, and temporal proximity is likely a deciding factor. A plot of our

training data is visible in Figure 5.2.

An important part of training a GP model is the kernel function one chooses to employ. We
choose to use the K;; GP kernel [74], where the i*" and j'™ elements of its covariance matrix

are given in equation 6.1.

—ti —t)> 1 ., wti —t]
o - psin? (L)) (5.1)
n; U Mp

Ky = .5 10o,5(5) XP <
Above, t; and t; refer to the i'" and j* timestamps of our RV observations, 7, refers to the
exponential decay timescale, n; is the periodic scale length, and 7, is the recurrence timescale
of the GP. 1y ;) refers to the amplitude hyperparameter associated with spectrograph s,
utilized for observation i. This K;; kernel is an expansion of the Quasi-Periodic (QP) GP
kernel utilized frequently in RV exoplanet science [e.g., 173, LM16]. The QP kernel is a
convenient choice not only due to its wide use, but also because of the interpretability of its

hyperparameters. 7, is usually a good approximation of the stellar rotation period, 7, can
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Figure 5.2: Top: Kepler Quarters 6 and 7 PDCSAP Flux, binned to 0.1 days.

TESS Sectors 40 and 41 PDCSAP Flux, binned to 0.1 days.

Bottom:
Both datasets exhibit clear,

quasi-periodic variability caused by stellar magnetic activity. Simultaneous RVs are marked

with red triangles.
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be approximated as the active region decay lifetime, and 7, is the amplitude of variability.
7;, sometimes called the structure parameter, is more difficult to interpret physically, though
it is related to the number of intra-period variations the GP sees inside of a single rotation

period, as LM16 explain.

We use the Ky kernel instead of the QP kernel because it 1) utilizes all instruments in
a single covariance matrix, and 2) it utilizes a different amplitude parameter for each
spectrograph. The former can make the model less susceptible to overfitting, which can
be a serious problem when utilizing GPs on sparse datasets [51]. The latter is useful because
the different instruments used in our analysis do not all extract RV information from the

same wavelength-space, and stellar variability can be chromatic [90].

We run our training using the RadVel software package [133]. While not designed for
fitting photometry, we have modified the software to use the K;; kernel for our RV fits
in §5.4.3, and it is trivial to evaluate a GP-only fit on a time series of any dimension. We
assessed model convergence using the default method in RadVel, which assesses convergence
by determining when the Gelman-Rubin (G-R) statistic [119] < 1.03 for all parameters, the
minimum autocorrelation time factor > 75, and a max relative change in autocorrelation time
is < .01, and > 1000. We adopted broad priors on the GP hyperparameters, summarized in

Table 5.3.

The posteriors of the GP fit to Kepler and TESS photometry are used as priors in Kepler-
trained and TESS-trained RV fits, respectively. The amplitude posterior from training is
not used as a prior in RV fits, as its dimension is flux, not velocity, and would not make

meaningful sense when applied to RV data.

Kepler-21 has a known rotation period, measured via asteroseismology to be 14.83 4+ 2.41
days [186], and from Kepler photometry to be 12.62 + 0.03 days (LM16). To prevent

biasing our training toward Kepler, we use the asteroseismological estimate as an initial
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guess. Interestingly, as seen as priors in Table 5.3, our Kepler training produces a 22 day
periodic term that we know to be erroneous. TESS training finds a 15.8 day periodicity,
though with a large uncertainty. Both of these results highlight the fact that the periodic
term of a GP is not strictly the same as the stellar rotation period. Rather than modify
our training until we achieve a desired result, we proceed as if we do not know the true
rotation period of the system. Interestingly, the Kepler-trained RV fits do recover a less
precise planetary mass, as seen in Table 5.4. It should be noted that our joint fits in Table
5.5 do recover the correct rotation period in Kepler, and its second harmonic in TESS. This

might suggest a reason to prefer joint fits to RV fits trained on photometry.

5.4.2 Transit Analysis

Kepler-21 photometry was first obtained by the Kepler mission, with observations spanning
4.25 years. Consequently, LM16 were able to extract highly precise planetary parameters,

such as orbital period and radius, by fitting only the Kepler data.

Kepler-21 was observed with TESS for a comparatively small amount of time, only six sectors
of 27 days each, adding 150 additional days of photometric data. TESS photometry is less
precise than Kepler, meaning that it is unlikely to improve measured planetary parameters

such as radius or impact parameter on its own.

Utilizing both datasets together, however, is expected to improve some of the previously
measured parameters. In particular, orbital period and measured time of inferior conjunction
might see genuine improvements due to the significantly increased total observation baseline

when including TESS data.

In §5.4.4, we utilize all Kepler quarters and TESS sectors during analysis, as we are extracting

planetary parameters from the lightcurves as well. In §6.4.1 we use only the subsets described
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therein, as we are only extracting RV variability information.

Our transit model utilizes a mean offset for Kepler and TESS photometry and two photometric
jitter terms to account for uncorrelated white noise. Kepler-21 has an estimated background
contamination ratio of 8.1%, suggesting that the TESS photometry is probably slightly
contaminated by nearby stars [356]. To account for this, we scale the generated TESS light

curve by the square root of a dilution term, which floats between 0 and 2 [39].

We use the exoplanet software package [129, 127] to create an orbit model of Kepler-21 using
its orbital period, transit time, impact parameter, stellar radius, and stellar mass. exoplanet
utilizes this orbit model with starry [254] to generate the light curves for Kepler and TESS,
which requires a planet radius and limb darkening coefficients. We use a quadratic limb
darkening law [2], and different limb darkening terms for Kepler and TESS. We use the limb

darkening terms estimated from [81, 82] as our initial guess.

Both Kepler and TESS photometry exhibit quasi-periodic fluctuations, likely due to stellar
magnetic activity. Consequently, some model to account for this coherent noise is an essential
part of modeling the photometry. We again utilize a GP to model the coherent noise, though
we do not utilize the IC;; kernel described in §6.4.1 or 5.4.3. Instead, we use the celerite?2
RotationTerm, also called the double simple harmonic oscillator (dASHO) [124, 120]. We do
so because the Kj; kernel is more computationally expensive, scaling O(N?) with number
of data points, while the dSHO kernel scales as ~ O(N), even for large datasets. While
the dSHO kernel is still widely used [e.g. 222, 6], we find that its hyperparameters are more
difficult to interpret physically. The dSHO is a combination of two simple harmonic oscillator

(SHO) terms, given in equation 5.2.

2 SOW?I
SHOWW) = = + it 52)
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In the dSHO case, our total power spectral density is the sum of SHO; and SHO,. The
actual GP fit sees a slight reparameterization using free parameters ogp, Qo, d@, f, and
Pgp, and it restricts the frequency of the second oscillator to be twice that of the first. These

are related to the above parameters by the following equations:

Q1 =1/2+Qp +dQ (5.32)

4

w1 =
Papy/4Q7 — 1

(5.3b)

Sy = ﬂﬁﬁ (5.3¢)
Q2=1/2+Qq (5.3d)
wy = 2w (5.3¢)
Sy = gsl (5.3f)
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The free hyperparameters of this kernel are ogp, the standard deviation of the process, Pgp,
which is approximately the stellar rotation period, @)y, the quality factor of the undamped
harmonic oscillator, d@), the difference in quality factors between SHO; and SHO,, and f,
the fractional amplitude difference of the two oscillators. While we prefer the K ;; kernel
because of the more readily interpretable hyperparameters, the dSHO kernel is sufficient to

model the variability in the photometry of Kepler-21.

We generate a model context using the PyMC3 software package [329], which uses theano
tensors for fast likelihood computations [372]. We put generally broad priors on all the
free parameters of our model, with a summary in Table 5.3. We then explore the posterior
parameter space of our model via Markov chain Monte Carlo (MCMC) inference. exoplanet
uses the Hamiltonian Monte-Carlo (HMC) method in conjunction with a No U-Turn Sampler
(NUTS) to explore the posterior parameter space efficiently [179]. We run our model with
two chains for 2000 tuning steps and 2000 sampling steps, confirming that our parameters
are converged by ensuring their GR statistic is less than 1.001 for each. Our results are

visible in Figure 5.3 and Table 5.2.

Table 5.2: Transit Posteriors

Parameter Name Posterior Value Units

Planet Parameters

Pow 2.78582343e-6 Days
T. 2459793.5214+0.005 | BJD

e 0.13£0.09 -

w -10.6+45 Degrees

Transit Parameters

R, 1.66£0.03 Re

Continued on next page
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Table 5.2: Transit Posteriors

Parameter Name Posterior Value Units
b 0.64£0.08 -
U1, Kepler 0.35+0.08 -
U2 Kepler 0.21+0.09 -
U1, TESS 0.36+0.10 -
U2 TESS 0.23+0.10 -
dilrgss 0.8+£0.2 -
Derived Parameters
Ty 0.1440.01 Days
a 0.043 AU
i 88.557£0.006 Degrees
S 2752.35640.004 Se
T 2015.5472+0.0008 | K

eq

GP Hyperparameters
OKepler
OTESS
log QOkepler
log Q0rEss
log dQkepler
log dQ)rEss
Prot,Kepler
Prot, TESS
fKepler

fress

1274+2.9 ppm
129+£7.4 ppm
-4.7340.21 -
-5.33+0.37 -
-1.1140.14 -
-1.10£0.70 -
5.78+0.21 Days
3.48+0.48 Days
0.016£0.002 -

0.32+0.07 -

Continued on next page
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Figure 5.3: Left: phase folded Kepler transit of planet b, and the fit residuals below. Right:
phase folded TESS transit of planet b, with residuals below. Unsurprisingly, we recover
the previously reported transits in Kepler, but we also include for the first time a fit using
TESS. Considering that the planet has a radius of 1.618 Rg and is orbiting a larger star
(R. = 1.902 Ry), the transit depth is quite small, and difficult to discern from an individual
transit, especially in TESS. Nonetheless, folding multiple transits and binning the data
clearly reveals a transit-like structure, even in TESS.

Table 5.2: Transit Posteriors

Parameter Name Posterior Value Units

Instrumental Parameters

VKepler le6+4 ppm
YTESS le6£24 ppm
O Kepler 50.000£0.003 ppm
OTESS 95+2 ppm
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Table 5.3: Priors Used for Various Fits

Parameter Name Transit Fit Prior Kepler Trained RV Fit TESS Trained RV Fit Joint Fit Description
Planet Priors
Po,t, (days) N@(2.785,0.1) N (2.7858212,3¢-6) N (2.7858212,3¢-6) N(2.785,0.1) Orbital Period
T. (BJD) N (2455093.8,0.1) N (2456798.7188, 0.0009) N (2456798.7188, 0.0009) N(2455093.8,0.1) Transit Time
Rp (Rg) u®(0.5, 2.0) - - U(0.5,2.0) Radius
K (ms—1) - 1(0.1, 10.0) 1(0.1,10.0) 1(0.1, 10.0) RV Amplitude
Transit Priors
b U(0.5,1.0) - - U(0.5,1.0) Impact Parameter
Ul Kepler N(0.3451,0.1) - . 1(0.3451,0.1) Limb Darkening
U2 Kepler N(0.216,0.1) - - 1(0.216,0.1) Limb Darkening
uj, TESS N(0.3451,0.1) - - 1(0.3451,0.1) Limb Darkening
Uz TESS N(0.216,0.1) - - 1(0.216,0.1) Limb Darkening
Photometric Priors
VKepler 1(0.9,1.1) - - U(0.9,1.1) Mean Offset
YTESS U(0.9,1.1) - - U(0.9,1.1) Mean Offset
O Kepler BLNC(5e-5,1e-3,1e-5,7.4) | - - BLN (5e-5,1e-3,1e-5,7.4) | Jitter
OTESS BLN (5e-5,1e-3,9e-5,7.4) - - BLN (5e-5,1e-3,9¢e-5,7.4) Jitter
RV Priors
YHIRES - U(—100, 100) U(—100, 100) U(—100, 100) Mean Offset
YHARPS_N - U(—100, 100) U(—100, 100) U(—100, 100) Mean Offset
YNEID - U(—100, 100) U(—100, 100) U(—100, 100) Mean Offset
CHIRES . 1(0.1,10) 1(0.1, 10) 1(0.1, 10) Jitter
CHARPS_N - (0.1, 10) (0.1, 10) (0.1, 10) Jitter
ONEID . 1(0.1, 10) 1(0.1, 10) 1(0.1, 10) Jitter
GP Priors
Mo, HIRES - J%(0.1,100) J(0.1, 10) - GP Amplitude
No HARPS—N - J(0.1, 100) 7(0.1,10) - GP Amplitude
Mo NEID - 7(0.1, 100) 7(0.1,10) - GP Amplitude
nr - N(17.5,1.6) N(15.7,1.3) - Spot Decay Timescale
np - N(22.0,0.1) N(15.8,2.3) - Periodic Term
7 - N(0.09,0.03) N(0.136, 0.045) - Recurrence Timescale
OGP, Kepler LN (le-5,7.4) - - LN (le-5,7.4) GP Standard Deviation
oGP, TESS LN (9e-5,7.4) - - LN (9e-5,7.4) GP Standard Deviation
0GP, HIRES 4(0.1,100) - - 14(0.1,100) GP Standard Deviation
9GP,HARPS—N U(0.1,100) - - 1(0.1,100) GP Standard Deviation
G P,NEID 4(0.1,100) - - 14(0.1,100) GP Standard Deviation
Prot cuf (1,200) - - £U4(1,200) GP Standard Deviation
Qo L£14(0.002, 400) - - L£U4(0.002, 400) Quality Factor
dQ L£14(0.002, 400) - - LU4(0.002, 400) Difference Quality Factor
f U(0.1, 1.0) - - U(0.1, 1.0) Fractional Amplitude

® N is a normal prior with N (mean, standard deviation)

b1( is a uniform prior with U (lower,upper)

¢ BLN is a bounded log normal prior with BLN (lower, upper, mean, standard deviation)

4 7 is a Jeffrey’s prior with J (lower,upper)

€ LN is a log normal prior with LN (mean, standard deviation)

fruisa log uniform prior with LU (lower,upper)

~ indicates a free parameter that was not fit in that particular model.
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5.4.3 Radial Velocity Modeling

We perform an RV-only analysis of Kepler-21, in addition to a joint RV + Photometry
analysis in §5.4.4, for a number of reasons. First, we are interested in comparing the results
of an RV fit when trained on Kepler or TESS data, in addition to joint fits with Kepler and
TESS data. Joint fits are much more computationally expensive, so are they worth doing?
Or can training on photometry first, and then fitting RV data give just as precise results?
Does the precision or temporal proximity of the training photometry affect this? Most RV
systems do not have the abundance of photometric data that Kepler-21 has, making joint
fits of questionable value. Finally, many exoplanet systems do not transit, and it is not clear

that a joint photometric fit is the right approach for such systems.

We utilize the RadVel software package to fit the RV data of Kepler-21. To account for

stellar variability, we use the KC;; GP kernel described in §6.4.1.

RadVel models Kepler-21 b by solving Kepler’s equation via a method outlined in [288]. The
orbit of each planet in the model is modified by five Keplerian parameters: orbital period (P),
time of inferior conjunction (T.), eccentricity (e), argument of periastron (w), and the RV
semi-amplitude (K). Previous studies have found that Kepler-21 b has minimal eccentricity

and generally fix this parameter at 0 (LM16, [56]). We do the same, as well as fix w to zero.

Our model also includes a constant offset for each RV instrument, v;,s, and a white noise
jitter term for each instrument, o;,s. This jitter term is added in quadrature with error
bars when used in the likelihood computation. We also experiment with including linear
and quadratic acceleration terms, as our long-baseline HIRES RVs are especially sensitive to
these terms, and a preliminary analysis suggests that these may be necessary( §5.4.6). We

run our RV fits to convergence using the same metrics in §6.4.1.

We run two RV-only fits, one trained on Kepler photometry, and one trained on TESS
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photometry. This training changes the priors on the GP hyperparameters, but otherwise,
the initial fit parameters are identical. We include a full list of priors in Table 5.3. The
posterior estimates of our fits are detailed in Table 5.4, and our best RV-only fit is visible in

Figure 5.4.

5.4.4 Joint Modeling

Finally, we attempt joint fits of the photometry and RVs. Such fits are the most computationally
expensive option, though they can shed light where other methods do not [e.g. 38]. One
particular advantage is the ability to fit an activity model to photometric data and RV
data simultaneously. In our RV-only fits, we train the models on the photometry, and
transfer this information as informative priors. A joint fit transfers more information, as
an adjustment to a shared GP parameter can immediately respond to the likelihoods of
the RVs and photometry together. Planetary parameters such as orbital period and time
of inferior conjunction are more strongly constrained by photometry than RV data, so we
expect no difference in result due to a joint fit of these parameters. However, some GP
hyperparameters can be shared between the datasets, because we expect the frequency

structure of photometric and RV variability to be related.

We use exoplanet to create an orbit model, and we use starry to generate light curves as
described in our transit analysis. Due to the large quantity of data, we again utilize the dSHO
kernel rather than the ;1. Planet orbital period, time of inferior conjunction, eccentricity,
argument of periastron, and orbital inclination are shared between the RV and photometric
datasets. Offset and jitter terms are included for each instrument (Kepler, TESS, HIRES,
HARPS-N, NEID), as described in previous sections. Our joint fits are most similar to our

transit fits in §5.4.2, mainly due to choice of GP kernel.

The primary new feature is the treatment of GP hyperparameters between the datasets. We
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Figure 5.4: Top: RV time series of Kepler-21 spanning more than a decade. Light colors
reflect the GP model used for each instrument. Middle: Residuals of a one planet, trend,
and GP fit to the data. Bottom: phase folded RVs to planet b.
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perform three different joint fits, which we call Kepler-RV, TESS-RV, and Kepler-TESS-RV.
Each fit is performed on the same dataset utilizing all RVs and photometry. Each name
emphasizes how GP hyperparameters are shared. The Kepler-RV joint fit is run such that
the frequency hyperparameters of the Kepler GP are shared with the RV GP (Pgp, Qo,
dQ, f). We alternatively perform a TESS-RV joint fit where, again, all data are used, but
the TESS GP hyperparameters (except amplitude) are shared with the RV GP. Finally, we
perform a fit where all GP hyperparameters are shared between Kepler, TESS, and RV data,

with the exception of an amplitude term for each.

We use an HMC MCMC algorithm with a NUTS sampler, as described in §5.4.2. Due to the
efficiency of the HMC, we find that our runs converge after 2000 tuning and 2000 sampling
steps executed in two independent chains. Our final fit posteriors are described in Table 5.5,

and the priors of our joint fits are given in Table 5.3.

Table 5.4: RV Fit Posteriors

Parameter

RV Fit (Kepler Trained)

RV Fit (TESS Trained)

Orbital Parameters
P, (days)
T. (BJD)
Vecosw
Vesinw
K (ms™)
4 (m s~ dt)
GP Hyperparameters
Nores (M s™1)

NoHARPS—N (m s71)

2.785821243e-6
2456798.7188+0.0008

2.54£0.57
-0.0046+0.0005

4.8+1.8
4.0+0.7

2.785821243e-6
2456798.7188+0.0009

2.55£0.47
-0.0046+0.0005

5.6£1.4
4.0+£0.5

Continued on next page
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Table 5.4: RV Fit Posteriors

Parameter

RV Fit (Kepler Trained)

RV Fit (TESS Trained)

NeNED (M 871)
7- (days)
np (days)
m
Instrumental Parameters
Yures (ms™)
YiArps N (M 5)
e (ms™)
oures (ms™)
oHARPS-N (M s7')

ongp (M S_l)

2.8+1.2
16.7£1.5
22.03+0.11
0.091+0.003

7.8£1.7
6.5£1.1
20.8£2.2
3.7£2.1

1.4+1.3

2.3%+14

2.7£1.3

16.0£1.3

13.5£0.5
0.19£0.03

7.7£1.9

6.3£1.3
20.6£2.4
22421

1.3+0.81
2.6+1.4

Table 5.5: Joint Fit Posteriors

Parameter

Joint Fit (Kepler-RV)

Joint Fit (TESS-RV)

Joint Fit (Kepler-TESS-RV)

Orbital Parameters
Porp (days)
T. (BJD)
Vecosw
Vesinw
K (m s 1)
§ (mstdl)

Transit Parameters

2.785823+3e-6
2455093.8364+0.0009

2.48+0.48
-0.0049+0.0005

2.785823+3e-6
2455093.8364+0.0009

2.66+£0.57
-0.0047+0.0005

Rp (Rg) 1.6540.02 1.6540.02
b 0.62040.014 0.620£0.014
U1, Kepler 0.354+0.07 0.3540.08
U2 Kepler 0.21+£0.09 0.21+£0.09

2.785823+3e-6
2455093.8365+0.0009

2.41+0.49
-0.0046+0.0005

1.65+0.02
0.620+0.014

0.34+0.08

0.2140.09

Continued on next page
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Table 5.5: Joint

Fit Posteriors

Parameter Joint Fit (Kepler-RV) | Joint Fit (TESS-RV) | Joint Fit (Kepler-TESS-RV)
Ui TESS 0.36+0.10 0.36+0.10 0.36+0.10
U2 TESS 0.23+£0.10 0.23+£0.10 0.23+£0.10
dilTess 0.80+0.18 0.80£0.18 0.75+0.15

Derived Parameters
M, (Mg) 6.9£1.3 7.4+1.6 6.68+1.4
T14 (days) 0.1444-0.002 0.1442+0.002 0.1444-0.002
a (AU) 0.043428143e-8 0.0434281+3e-8 0.043428143e-8
i (degrees) 88.556£0.003 88.556£0.003 88.556£0.003
S (Se) 2752.356+0.004 2752.3561+0.004 2752.356+0.004
Teq (K) 2015.5472+0.0008 2015.5472+0.0008 2015.5473£0.0008
p (g/cc) 8.92+1.96 9.18+1.86 8.38+1.62

GP Hyperparameters
OGP, Kepler (PPM) 15145 12743 14544
ocp,TESS (Ppm) 12947 131+£7 278+2
oGp HIRES (m s71) 6.33£1.0 6.0£0.9 7.5£1.3
oGP, HARPS—N (ms™1) 4.240.5 4.140.5 4.940.7
ogp,NEID (m s™1) 3.3+1.2 3.44+1.2 3.3+1.6
log QOKepier -4.840.21 -4.7340.14 -2.3140.07
log Q0TESS -5.3+£0.4 -5.6£0.3 -2.31£0.07
log dQKepler -1.1£0.1 -1.1£0.3 3.3540.30
log dQTESS -1.14+0.7 -1.6£0.6 3.3540.30
Prot,Kepler (days) 5.840.2 5.77£0.22 12.53+0.14
Prot, TESS (days) 3.5+0.5 4.014+0.61 12.53£0.14
fKeplor 0.0164:0.002 0.0154-0.002 0.94+0.05
fress 0.3240.7 0.30£0.06 0.94+0.05

Instrumental Parameters
Photometric

YEepler (PPM) le6+4 le6+4 1e6+4
yrEss (ppm) 1e64+10 le6+12 le6424

O Kepler (ppm)
oTEss (ppm)

RV
yaires (ms™1)
YHARPS-N (ms™1)
yNED (ms™1)
oures (m s~ 1)

OHARPS—N (ms™1)

119.256+0.007
8242

-3.2+1.2
-4.7£0.7
9.9+1.3
5.0£2.9
3.6+2.4

50.003+0.003
8312

-3.2£1.1
-4.6£0.6
9.8+1.2
5.0£2.9
4.1£2.8

50.000+£0.003
9542

-3.13£1.2
-4.6£0.7
9.7£1.2
5.7£2.9
3.8+2.6

Continued on next page

174




Table 5.5: Joint Fit Posteriors

Parameter Joint Fit (Kepler-RV) | Joint Fit (TESS-RV) | Joint Fit (Kepler-TESS-RV)

oNEID (ms™1) 4.942.9 5.54+2.9 5.142.5

5.4.5 Injection Recovery Analysis

We perform injection-recovery tests to explore the value of photometric training datasets.
Kepler photometry is more precise than TESS, and its longer baseline provides many advantages.
It is also temporally separated from newer RV data by more than ten years. This is
particularly concerning given that stellar variability is known to evolve on much shorter time
scales [147, 146]. We can begin to evaluate the training datasets by noting which produced
the most precise orbital parameters in the previous section, though comparing recovered
mass precisions is not necessarily the best way to determine the best activity mitigation
method. In particular, such a method could not be expanded to systems with no known
planets, despite interest in knowing which photometric dataset would be best for searching

for planets in such systems.

We follow a method similar to [74] by injecting circular planet signals into the data at a
variety of orbital periods and RV amplitudes. We choose ten RV amplitude bins ranging
between 0 to 10 m s~!, uniformly spaced. For orbital periods, we create ten bins between
1 and 1000 days with log-uniform spacing. We then inject signals randomly drawn from
within these two dimensional bins into our data, and fit both a one- and two-planet model.
Targets are also injected with a random time of periastron, drawn from a distribution with a
width equal to the injected period. Especially for longer period planets, this is an important
step to take to simulate the effects of favorable or unfavorable phase coverage. This process

is executed with models trained on Kepler and TESS, as well as on “untrained” datasets
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where broad, uninformative GP hyperparameter priors are used. Each fake signal is added
to the existing Kepler-21 RV data to create a fake dataset, and we do this 100 times in each

period-K bin.

We use the Bayes Factor [BF; 209] for model comparison to determine if an injected planet
is recovered successfully. The BF is produced by taking the ratio of the evidence of two
competing models, with a value > 1 indicating preference for the numerator. Typically,
we require that a more complicated model be substantially better than a simpler model to
warrant adoption. This threshold is not important during our injection-recovery tests where
we are interested only in comparing which training method recovers a higher BF, though
in §5.4.6 we do require a log;o(BF) > 5 to prefer a more complicated model, which is a

commonly adopted threshold [i.e. 376, 258, 40].

Continuing to follow [74], we explore two different cases of injected planet. First, we explore
the case of a “transiting” injected planet, where the orbital period of the injected planet is
known, and we fix it to the correct, injected value. Second, we explore the “RV detected”
injected planet, where the period and time of inferior conjunction of the injected planet is

not known a priori. The results of these two tests are visible in Figures 5.5 and 5.6.

We generate our injected signals using the RadVel software package. Because of the large
number of RV fits required for our analysis, we make a few simplifying assumptions during
injection-recovery. In contrast to the RV fits in §5.4.3, we fix the orbital period and time
of conjunction of Kepler-21 b. We only inject circular planets, and always fix our model
eccentricity at zero. An exploration of how our results are sensitive to eccentricity would be
interesting, but is beyond the scope of our work. We use the injected orbital periods and
RV semi-amplitudes as starting guesses for all of our two planet models. In the case of “RV
detected” planets, we place generally broad priors on the orbital period and time of inferior
conjunction of the second planet. The orbital period has a Gaussian prior centered at P,

with a standard deviation of P;,;/2. The time of inferior conjunction has a uniform prior
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centered at the injected value with a width of the injected period.

With a 10x10 grid of bins, and 100 signals injected in each bin, we perform 10,000 signal
injections for the Kepler-trained models and TESS-trained models respectively, as well as
an untrained RV fit. Since we are fitting both a one and two planet model to each injected
signal, we perform two RV fits per signal, resulting in 20,000 RV fits for Kepler-trained,
TESS-trained, and untrained models, or 60,000 total. Performing these analyses on the

“transiting” and “RV-detected” cases brings our final number of RV fits to 120,000.

Performing an MCMC or nested sampling fit to each model would be prohibitively expensive
in terms of CPU-hours, and so we approximate the evidence of each model using the Laplace
approximation, given in equation 5.5 [291]. The Laplace approximation allows us to estimate
the evidence of each model fit, rather than integrating it numerically. The evidence is defined

in equation 5.4, [209].

£— / £(d, 0)r(d, 0)d6 (5.4)

Here, £ is the evidence of a model, £(0) is the likelihood of the model with data d and
parameters ¢. () is the prior probability of the parameters. This integral is typically
intractable to calculate, and the Laplace approximation circumnavigates this computation. It
is convenient to rewrite the right term £ as an exponentiated logarithm, exp(log(L(d, 0)7(9))).

Then we can say that it is equal to

)2 1/2
[| det((IQLI()d, ‘90)& exp(log(L(d, bo)m(6o))) (5.5)
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Figure 5.5: Injection recovery results for fits with an injected “transiting” planet.
amplitude and period of the known planet are denoted by a black dashed line. Top Left:
Injection recovery tests run with no GP training. Top Right: differential preference for
recovering the injected planets between Kepler and untrained fits. Bottom Left: differential
preference for recovering the injected planets between TESS and untrained fits. Bottom
Right: differential BF improvements between the training methods. Longer orbital periods
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Figure 5.6: Injection recovery results for fits with an injected “RV-detected” planet. The
amplitude and period of the known planet are denoted by a black dashed line. Top Left:
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recovering the injected planets between Kepler and untrained fits. Bottom Left: differential
preference for recovering the injected planets between TESS and untrained fits. Bottom
Right: differential BF improvements between the training methods. The vast majority of
injected planets were recovered more strongly when training on Kepler.
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where H is the Hessian matrix of the function log(L(d, 8)7(6)), and 6y is a set of parameters
that produce a local maximum. This approximation is generally true for a function where the
dominant mode is well separated from the integration domain, which is true for our analysis.
We first optimize our initial values using a least squares fit in scipy.optimize.minimize,
and then we estimate the evidence at this point. We take the average ABF in each bin and

report them in Figures 5.5 and 5.6.

5.4.6 Additional Bodies in the System?

The Kepler spacecraft observed Kepler-21 for more than four years, and only identified
transits of Kepler-21 b. It is not feasible that TESS would observe two or more planetary
transits that Kepler missed, but it is possible that a single, long-period planet transits in
TESS, but not Kepler. We use the Transit Least Squares [TLS; 178] Python package to search
for additional transits in Kepler-21. Due to the correlated noise present in the photometry,
we applied a UnivariateSpline to the Kepler and TESS photometry to remove the noise while
minimally affecting the transits [103]. After recovering and masking the transits of Kepler-
21 b, we run the TLS algorithm on the collective photometry, but we detect no significant
additional transit events. We conclude that there are no additional observed transiting

planets in Kepler-21 up to the limits of our photometric sensitivity.

Our analysis adds to the already significant (~ 10 years) RV baseline of the system, extending
our sensitivity to longer period, non-transiting planets. The observing baseline of HIRES
allows us to constrain the RV offsets present in other instruments. The data seem strongly
suggestive of either a trend or curvature, and we perform a series of RV fits to determine
which explanation is best. In Table 5.6, we compare a variety of models exploring no trend,
a linear trend, a fit with a linear and quadratic term, and a two planet model. We use

the Bayesian Information Criterion [BIC; 209, 235] to approximate the BF between our
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models. Although a TESS-trained linear 4+ quadratic model has the lowest BIC value, it is
not low enough to justify adopting the more complicated model. The linear trend fits are
significantly better than the no-trend cases, however, and so we adopt a linear trend. Our
best fits recover a 4 value of -0.00464-0.0005 m s~ day~!, which is 9.20 significant. This
could be caused by a long period activity cycle, though analysis of the HIRES Sy g values
reveals no such corresponding trend. We conclude that this trend is suggestive of either an

additional, long-period planet, or perhaps a substellar companion.

To identify the source of the linear RV trend, we searched the Gaia database for possible
bound stellar companions. Gaia reports Kepler-21 to have a renormalized unit weight error
[RUWE; 240] consistent with unity, a strong indicator that Kepler-21 is not an unresolved
stellar multiple. We do not find any co-moving stars with similar parallaxes in Gaia [259],

suggesting that the cause of this apparent RV slope is the result of a substellar object.

A combination of RVs and Gaia astrometry [141] can be used to constrain the parameters
of long period companions [e.g., 253, 109, 352]. Since we only observe a linear drift in RVs,
formal statistical analyses like MCMCs cannot reliably converge on a two-planet fit, and
would produce poorly constrained posteriors. In order to make a reasonable estimate for the
parameter space in which an outer companion could exist, we implement a model based on
rejection sampling [52] that considers many randomly sampled trial orbits and accepts those
that pass our acceptance criteria. We also use the same acceptance criteria, which accepts a
trial if the likelihood, estimated as 0.5xexp(—yx?/2) is higher than a random number between
0 and 1. We stop our sampling once 1000 trial orbits have been accepted. In addition to
our residual RV slope, our rejection sampling imposes an agreement between a trial orbit’s
induced astrometric signal and the calibrated absolute astrometry from the Hipparcos-Gaia
Catalog of Accelerations [HGCA; 61, 62]. The low astrometric signature of Kepler-21 rules
out most high mass objects, and we can constrain mass and period modestly well. We

perform fits where the companion has a fixed 90 degree inclination, and where its inclination
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is allowed to float. We show a plot of our rejection sampling in Figure 5.7. We estimate a
mass of 3.7725 M; and an orbital period of 70.07527 yr in the first case, and a mass of 4.0723
Mj and period 62.7757S yr in the latter case. In both cases, more than 97% of our samples
are less than 10 M, which justifies designating the object imposing the long-term RV trend

on Kepler-21 a candidate super-Jupiter planet, Kepler-21 (c).

Table 5.6: RV Model Comparisons

Fit Kepler-Train BIC | TESS-Train BIC
No Trend 953.27 899.82
Linear Trend 890.06 878.89
Linear + Quadratic Trend 906.12 875.95
Two Planet Model 906.49 895.98

5.5 Discussion

Our investigation and analysis of Kepler-21 had two goals: an updated, more precise description
of the Kepler-21 system, and an investigation into the use of photometry to mitigate stellar

variability in RVs.

5.5.1 Adopted Fit

We focus on one set of posteriors when discussing the Kepler-21 planetary system. Two

fits, TESS-trained RV and Joint Kepler-TESS-RV, stand out as the most successful at
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constraining the mass of Kepler-21 b. We choose the latter as our "adopted fit,” as it is
more complete than the former, utilizing more data and returning a larger set of posteriors.
It also more correctly identifies the rotation period of the system. Consequently, our plots

in Figure 5.4 and 5.8 utilize this set of posterior values.

5.5.2 Refining Fits for Kepler-21 b

The photometry of Kepler-21 was first analyzed in [186], and a joint photometry-RV fit was
performed in LM16. Despite a large number of RVs, stellar variability made precise recovery
of the planet mass challenging. The final mass recovered in LM16 using a joint HIRES
+ HARPS-N RV fit was 5.08 + 1.72 Mg, which is slightly less than 3¢ significant, often
considered the minimum for a “significant” detection. One of our goals was to raise this to a
higher significance threshold, and to better understand where Kepler-21 b falls in parameter
space. [56] recently improved the mass measurement of Kepler-21 b to > 50 in a survey

focused on Kepler systems.

Our fits utilize additional HIRES RVs and NEID data. While we cannot claim an improved
mass precision, we do characterize the system with the most detail to date, and we provide
significantly improved constraints on the additional companion described in §5.4.6. Our full

fit posteriors are available in Tables 5.4 and 5.5.

As explained in §5.4.2, including TESS photometry did not improve the measured orbital
parameters, in particular the orbital period and time of inferior conjunction. The design of
Kepler already allowed for pristine recovery of both values, with errors reported in LM16 of
0.24 seconds and 71 seconds, respectively. Our orbital period precision is identical to that
in LM16, and the uncertainty in our measured transit time is actually worse. Why might
this be? We first ran our exact same model, but with Kepler only, to see if adding TESS

indeed improved our recovered parameters. When not utilizing TESS, our orbital period and
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transit time measurements are actually less precise than in LM16, despite using the same
photometric dataset. We conclude that adding TESS does indeed improve precision on both
posterior values, and that something about our model or parameter estimation is performing

worse than in LM16.

One explanation is our treatment of stellar variability. LM16 utilized the data validation
(DV) lightcurve produced by the Kepler DV pipeline in their analysis. This lightcurve sees
aggressive detrending for any periodic signals longer than the transit duration [197, 400]. The
result is a pristine lightcurve, but stellar astrophysics cannot be extracted. We utilize a newer
version of this reduction that does not remove long period variability, and we use a GP model
to remove the residual, non-transit signals. Our motivation is to extract information about
the stellar variability in the RVs from the photometry, and so we require the preservation of
longer period signals. As a result, our model fits see a simultaneous GP + transit fit, which

increases the uncertainty in the exact transit time.

With a newly measured planetary mass, we can rule out Kepler-21 b as a “water world.”
(Figure 5.8). Its mass (6.68+1.4 Mg) and radius (1.654+0.02 Rg) place it on the upper edge
of “water world” candidates, which [257] denote as a regime of planet mass between 3 and
6 Mg and 1.5 - 2.0 Rg. Kepler-21 b might have formed beyond the ice line and migrated
inwards throughout its lifetime, retaining water and falling into this regime [406, 257]. Such
planets retain an atmosphere composed partially of gaseous water, and can even retain water
in their core. [3] model theoretical compositions for highly irradiated water worlds, and we
plot selected curves in Figure 5.8. Kepler-21 b is too massive for it to contain any significant
quantity of water in its atmosphere or in its core. Most likely, the evolution of its host star

stripped the atmosphere of the planet, leaving it a bare rock.

Atmospheric observations might provide an independent verification that the system lacks
appreciable quantities of water, though Kepler-21 b is not a strong candidate for JWST. We

estimate a transmission spectroscopy metric [TSM; 214] of 16.4 for Kepler-21. The TSM is
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a simple, first order approximation for amenability to JWST atmospheric observation. In
its radius regime, [214] suggest at least a TSM of 92 to justify study, making Kepler-21 b
far from ideal. The biggest contributor to Kepler-21 b’s low TSM is the large radius of its

evolved F type host star, which makes any atmospheric signal small.

5.5.3 RVs Trained with Photometry

Our second goal was to investigate the effectiveness of mitigating stellar variability in RVs
using different photometric datasets. This exploration of Kepler-21 is a precursor and test
case for a wider analysis of Kepler/K2/TESS targets that saw simultaneous NEID RV

observations.

A few of the questions we are interested in exploring are 1) How long are lightcurves useful
for dealing with astrophysical RV noise? Are Kepler lightcurves still valuable? By extension,
will TESS lightcurves be useful years from now? 2) Does the simultaneity of our NEID data
mitigate the limitations of TESS baseline and precision? 3) Do joint Kepler-TESS models
improve mass precision, or do the differences in sampling, age, and reduction make the noise

models too different?

The broader analysis mentioned above will eventually shed more light on all of these questions,

though with Kepler-21 we explore a single case deeply.

First, our analysis indicates that Kepler lightcurves are still useful. Joint fits with Kepler GP
parameters sharing information with RV GP parameters typically recover the most precise
mass for planet b. In the RV-only fits, training on Kepler photometry is noticeably worse
than training on TESS, though as we discuss in §6.4.1, this is probably due to the Kepler
training adhering to the wrong rotation period. As seen in Figures 5.5 and 5.6, Kepler

training helps recover additional planets broadly across RV amplitude and orbital period
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space.

Despite being over ten years old, Kepler photometry is highly precise, and huge in quantity.
This trumps the more recent TESS data, at least for this system. This may not be true
for every system, however. We did not achieve as many simultaneous NEID RVs as would
have been ideal, and unlike many Kepler systems, Kepler-21 has precise RVs simultaneous
with Kepler. Due to the higher rotational velocity of Kepler-21, NEID is not seeing higher
precision than older RVs, such as HARPS-N or HIRES. We can also conclude that TESS
photometry may still be useful ten or more years in the future, though TESS’s specific
usefulness will likely depend on the existence of other photometric datasets [e.g. PLATO;

315] at the time.

Second, does the simultaneity of NEID with TESS mitigate some of the downsides of TESS
photometry? PDCSAP photometry removes longer period signals, especially those on the
order of half a 27-day TESS cycle. With a rotation period of 12.6 days, Kepler-21 is near the
upper limit of what might be possible to find in TESS PDCSAP. This obviously makes TESS
less useful for constraining stellar variability in RVs, since longer period signals in RVs still
remain. However, unlike older Kepler photometry, TESS photometry can give us information
about spot complexes as the RV data are taken, which might be advantageous. Indeed the
RV fits trained on TESS photometry were typically more precise than those trained on
Kepler, though this may be the result of the erroneous period detection mentioned in §6.4.1.
Nonetheless, we can say that training on TESS certainly can be effective, though training

on both jointly has its advantages.

Third, should we use a joint Kepler-TESS model when informing RVs? We examine our
model that performs such a fit, and how it compares to alternatives. In particular, we
ask the question: should we train an activity model on photometry, and then perform an
RV-only fit? Or is there an advantage to performing these steps simultaneously? We use

the recovered RV semi-amplitude as our primary comparison point, because we are most
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interested in which method best removes stellar activity contamination in the RVs. This

activity contamination has the most pressing effect on the recovery of this observable.

Comparing the most precise mass measurements in each case, our TESS-trained RV fit has
a semi-amplitude of 2.5940.46 m s~!, while joint Kepler-TESS-RV fits have an amplitude
of 2.4940.47 m s~!. The former fit has a strictly higher precision, though the two results
are extremely close. The methods recover the RV amplitude indistinguishably well. However,
joint fits are generally more computationally costly, and so this may be seen as an endorsement
of RV fits trained on photometry. On the other hand, the joint fits recover the true rotation

period of the system, and this may be seen as an endorsement of that method.

5.5.4 Kepler-21 (¢)?

If it is a planet, Kepler-21 (¢) would have the longest known orbital period of any planet
with a known transiting planet companion. We estimate the orbital separation of Kepler-21
(c) in the more general non-fixed-inclination case as 17.7+1.6 AU. Kepler-21 is 108.540.4
pc [22, 141] from Earth, giving Kepler-21 (c) an angular separation of 160 mas. Other giant
planets have been imaged at this separation [PDS 70 b; 175.8 mas 390], though the age of
Kepler-21 makes that prospect more challenging. Unlike most planets imaged today, Kepler-
21 (c) has likely lost most of its heat of formation, and would likely need to be imaged using
reflected light from its host star. We calculate the contrast Kepler-21 (c) would likely exhibit

with respect to its host star using equation 5.6 [234].

1 R
—Ax—x -2 .
€ * =k (5.6)

Above, A is the albedo of the planet, a its semi-major axis, and R, its radius. We use the
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mass-radius relationship in [80] to estimate a planet radius for Kepler-21 (c) of 1.167535 Ry.
Using the calculated semi-major axis of 17.741.6 AU, we estimate a contrast of 3.1e-1141.6e-
11 using an albedo of 0.1. In the highly reflective case of albedo=1, this only increases the
contrast by one order of magnitude, 3.1e-10+1.6e-10. This is below the expected atmospheric
contrast limit for even extremely large telescopes [1e-8; 354], and Kepler-21 (c) will not likely
ever be imaged from the ground, though the proposed Habitable Worlds Observatory (HWO)
has a targeted contrast limit of 1le-10 [290, 168|, making the high-albedo case potentially

observable.

While both transmission spectroscopy of the inner planet, and direct imaging spectroscopy
of the outer candidate are at the edge of even future detection limits, it is possible that
both observations might be taken someday. An intra-system comparison of the atmospheric
compositions of the two bodies could reveal a great deal about the formation and evolution

of the system, and would be highly valuable.

5.6 Summary

We revisit the Kepler-21 system and perform an in-depth analysis of the best methods to
mitigate stellar activity with photometry. We compare the results of RV fits trained on
Kepler and TESS data, as well as a variety of joint fits. We also perform an injection
recovery test to determine if Kepler or TESS photometry is better at disentangling injected
planet signals from stellar activity. Our results show that training activity models on Kepler
benefits in the discovery of new planets, though our TESS-trained models recover a more
precise mass for Kepler-21 b. We further confirm the nature of Kepler-21 b as a rocky,
terrestrial planet in the radius valley, and we strongly identify a long-period companion in

the system.
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Chapter 6

Utilizing Photometry to Mitigate
Stellar Variability in RVs: A Wider
Look

6.1 Foreword

Radial velocity (RV) analysis of stars is one of the oldest [272] and most successful [229, 317,
326] methods for discovering and characterizing exoplanets. RV observations additionally
provide an excellent means of validating transiting exoplanets [e.g. 309, 39, 40|, providing
mass measurements [173, 249, 314], and probing regions of parameter space that transit
observations rarely can [i.e. long-period, distant planets 253]. Measuring exoplanet masses
is especially relevant in the era of the James Webb Space Telescope [JWST; 143], as a
precise mass measurement is necessary to interpret atmospheric transmission spectra [30].
Further, the discovery of exoplanets around the nearest stars is an essential precursor to a

future Habitable Worlds Observatory [HWO; 290, 264] mission to image Habitable Zone [HZ;
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210, 220] planets around the nearest stars, and the vast majority such planets are unlikely
to transit [170]. To maximize the efficiency of future missions such as HWO, a curated list
of known, nearby planets is required, and RV detection remains our only plausible method

for discovering such nearby, imagable exoplanets.

RV exoplanet science faces serious challenges, however, especially in the era of extreme
precision RV (EPRV) observations [399]. As we push instrument stability below the historical

1 ms™!

noise floor, a variety of physical processes in stellar atmospheres contaminate our
RV data at amplitudes larger than the instrumental precision, making it difficult to identify
low-amplitude exoplanets [e.g. 249, 51, 38]. This contamination can vary widely in amplitude
and frequency. Cool spots or hot plage on the surfaces of stars can quasi-periodically deform
stellar spectra, producing undesired red or blue shifts in our spectra that do not originate
from gravitational reflex, having effects up to 10004+ m s=! [327, 280]. Granulation and

stellar p-mode oscillations are another class of contamination that can have effects up to 10

m s~ [77].

A variety of methods exist for modeling out or otherwise accounting for stellar contamination
of RV data, varying in complexity and effectiveness. Adding a “jitter” term in quadrature
with RV uncertainties is perhaps the simplest method, though ineffective in cases where noise
is correlated and large in amplitude. Another common technique is decorrelating RVs to some
stellar activity indicator, metrics extracted from spectra to track the activity of the host star
(321, 228]. Unfortunately, the correlation between RV activity contamination and activity
indicators is not always well-governed by a simple relationship [i.e. time delays between the
datasets 66]. Further, many analyses today utilize data from multiple instruments, and it
is common that different instruments do not track the same activity indicators. Gaussian
Process [GP; 10] regression is one of the most common and effective ways to remove the effects
of stellar magnetic activity from RV data [173, 249, 38|, though how exactly to utilize it is

not always clear. GPs are flexible and non-physical, and imposing bounds on their flexibility
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can be extremely helpful for separating quasi-periodic stellar variability from true exoplanet
signals. GPs can be trained on stellar activity indicators, or fit with them simultaneously
(312, 314]. Utilizing photometry is another popular method for removing stellar variability
from RV data [5, 160, 375], especially if taken contemporaneously. Photometric data, unlike
spectroscopic stellar activity indicators, are often much higher in cadence and precision,
allowing for a better characterization of the current stellar astrophysics. Additionally,
large photometric datasets exist for many systems, and photometry can often be acquired
for thousands of targets simultaneously. Astronomers generally agree that simultaneous
photometry is a powerful tool when mitigating stellar variability in RVs, but how powerful?
Multiple photometric datasets exist, with different precisions and observing baselines. Are
there clear reasons to use one over another, or is utilizing all available photometry the best

course?

In this work we seek to study the effectiveness of photometric datasets when used to correct
for stellar variability in RVs. We also wish to understand the importance of simultaneous,
or near-simultaneous photometry and RV data. Doing so will require answering several key
questions. Firstly, which stellar properties are constrained by which lightcurves? TESS’s
27-day baseline for most stars suggests that TESS might be superior for constraining shorter-

lived activity, while Kepler’s long baseline makes it ideal for longer activity cycles.

Secondly, which lightcurves should be used to correct for stellar activity? RV noise may be
suppressed using a joint model to data from Kepler, TESS, or both. Most likely, this will

depend upon the temporal proximity of RVs and photometry.

Finally, how well can photometry remove stellar activity contamination from RVs. Newer
instruments such as NEID are capable of achieving RV precision better than 30 cm s™1
[336] for bright targets, allowing us to constrain photometric variability and Doppler jitter

more precisely than was possible for Kepler systems. The most complete analysis relating

Kepler photometric variability to RV jitter was conducted using Keck/HIRES, which has an
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instrumental noise floor of 2-3 m s~ [29].

To gain insights into these questions, we chose a variety of bright targets with either Kepler
or K2 photometry, and we observed them with NEID and TESS simultaneously. We detail
our selection criteria, targets, and their stellar parameters in §6.2, the data we use in §6.3,

our primary analysis in §6.4, and we discuss the results in §6.5.

6.2 Target Selection

Over the course of this study, we chose targets with particular features. Targets were chosen
for the express purpose of studying photometry’s ability to mitigate stellar variability in
RVs. Two criteria were mandatory: first, we chose targets that had existing Kepler or K2
photometry. Comparing the value of TESS training versus older Kepler/K2 training forms
a core part of this analysis, and could not be done without such archival data. Second,
we were interested in achieving simultaneous NEID observations during TESS observations.
Consequently, when choosing targets for a NEID observing semester, we required that they

be observed by TESS at a time that NEID, too, could observe them.

We then chose a number of other optional, but desirable, features. We wanted bright targets
to minimize the amount of telescope time required to observe our targets at high precision.
We imposed a general magnitude cut of V. < 10. We also chose targets that had archival
HIRES, HARPS, or HARPS-N RVs. This allowed us to 1) confirm that these targets were
amenable to precise RV observations, and 2) approximate to first order the level of activity

contamination that would likely exist in the RV data.

We mainly restricted our observations to main sequence FGK stars, for a number of reasons.
Firstly, these were the most abundant stars observed during the Kepler mission. Secondly,

more evolved stars begin to see non-spot dominated forms of stellar activity emerge as
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highly significant, such as p-mode oscillations and granulation. These generally reduce our
RV precision and interfere with our analysis, which is primarily focused on spot modulation.
Finally, M dwarf targets typically require a different treatment, as many relational metrics
such as [5]’s FF/ method are not applicable to M dwarfs. Furthermore, stellar activity can
function very distinctly from that on FGK dwarfs and should not be lumped into a single

analysis [180].

The above restrictions left us with a pool of targets to choose from. We prioritized the
brightest, with special weight given to those that exhibited spot-induced stellar variability

in their Kepler or K2 photometry. We discuss our eight targets briefly in the next subsections.

HD 173701

HD 173701 is a bright Kepler star with no known exoplanets. Because it is a solar analogue
in age, radius, and mass, it has seen previous study [373]. The star is known to exhibit
differential rotation, with rotation rates at 45° latitude ~ 50% slower than at the equator
[44]. and a number of archival HIRES RVs have been taken to study the star [326]. We

additionally obtained new APF RVs of HD 173701 and use them as as part of our analysis.

A generalized Lomb-Scargle [GLS; 405] periodogram on HD 173701 Kepler photometry
reveals high powered signals between 32 and 36 days, suggesting a possible rotation period
somewhere in this range, though the system is known to differentially rotate. The same
analysis on TESS photometry highlights a strong signal near 12 days, most likely a harmonic
of the longer period signal identified in Kepler. TESS is generally insensitive to signals near
or longer than half a TESS sector in length (~12 days), though TESS can sometimes identify
physical signals at the top end of this range [181]. The system likely has a rotation period

near 32 days, and TESS only detects a harmonic.
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Kepler-21

Kepler-21 is the brightest known Kepler system with a transiting planet, and has a variety
of scientifically interesting features. The system was first studied in [186], where a small,
transiting exoplanet was discovered orbiting the star with a period near 2.7 days. [249]
performed a joint photometric-RV analysis of the system, and determined the composition
of the planet to be consistent with that of Earth. Their mass estimate, however, was hindered
by stellar variability, as the system is known to be contaminated with stellar activity (K,
= 2.46+0.48 m s~ RV RMS = 4.95 m s™!). More recently, [56] obtained more data and
significantly increased our confidence in the planet mass measurement, placing it near 7.5 £
1.3 Mg, and consistent with an Earth-like density. We perform a detailed study of Kepler-
21 during a precursor analysis (Beard et al. 2024b, submitted), though we summarize the

system briefly here.

Kepler-21 is actually a slightly evolved F4-6 IV star (6250 £+ 250 K). Despite this fact, we
still include it in our observations because it is historically important to the community, is
very bright, has a known rotation period ~ 12.7 days, and has an abundance of archival

RVs.

Kepler-37

Kepler-37 is the dimmest star in our sample [V = 9.7740.03; 314], but still relatively bright.
The system has three known transiting exoplanets, with a fourth controversial candidate
[314]. Most remarkable about the system is the size of its exoplanets, with Kepler-37 b
smaller than Mercury, approximately the size of the Earth’s Moon [27]. Planets b and ¢
have RV amplitudes far too small for study with even the highest precision instruments
today (K < 1 em s, K. < 14 cm s 1), though [314] were able to constrain the RV signal

of Kepler-37 d (1.22+0.31 m s™'), one of the smallest ever detected RV amplitudes at the
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time.

The Kepler photometry of Kepler-37 is contaminated with a quasi-periodic signal suggestive
of spot modulation, and the system has a likely rotation period of 29 days. Consequently,
Kepler-37 makes an interesting test case to compare activity training between Kepler and
TESS, especially with a suspected rotation period longer than the baseline of a single TESS
sector. All three transiting exoplanets have small RV semi-amplitudes, though Kepler-37 d
is plausibly detectable with NEID, and was detected using HARPS-N. Consequently, when
modeling Kepler-37 in our analysis, we treat it as a one planet system containing Kepler-37

d, and ignore the other two planets, far below our sensitivity.

HD 4256

HD 4256 is a bright (V = 8.00) K3 dwarf with no known exoplanets that was observed
during the K2 mission. It has a long history of HIRES observations [326], and a clear, long
period, periodic signal is apparent from the RVs. This signal is strongly correlated with the
Calcium II H&K S index (Sgk), however, suggesting this cycle is not planetary, but likely
related to stellar variability. After subtracting this signal, modest residual scatter remained,
suggesting planets or additional stellar variability. The presence of the long-term activity
cycle, clearly seen in Sy values, motivated us to test if, in fact, such a correlation existed

for photometry as well.

HD 31966

HD 31966 is a bright G2 dwarf that saw observations during the K2 mission. The system has
no known exoplanets, though it has been considered as a promising target for asteroseismology
[335]. The target was chosen for our project mainly because it is extremely bright, has

archival HIRES RVs [326], and we detected scatter in the RVs suggestive of either stellar
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variability, or an undetected exoplanet.

HD 24040

HD 24040 is a bright (V = 7.51) G1 star with a long history of HIRES RV observations.
The system has two known RV-detected exoplanets with very long periods, one larger than
Jupiter, and the other near Saturn in size. The system also has a long term linear trend
that has begun to show signs of curvature [326]. The trend/curvature is of sufficiently low

amplitude that it may well be a long period planet.

The system was also observed during the K2 mission, making it a potentially fruitful
target for study. Often, when selecting targets, we would look at the archival Kepler or
K2 photometry to get a first order estimate of stellar activity contamination. This is
somewhat difficult in K2 photometry, due to K2’s ubiquitous systematic contamination
issues (mentioned further in §6.3), though an analysis of archival RV data suggests that after

1

subtracting the three known signals in the RVs, there was a few m s™ of residual scatter,

suggesting either stellar variability or additional planets. We are interested in exploring

1

activity near the historical 1 m s~ noise floor in addition to more obvious spot modulation,

and so we included HD 24040 in our target list.

HD 106315

HD 106315 is a bright (V=8.95) K2 system with two known sub-Neptune transiting exoplanets
[91]. [28] measured the masses of the transiting exoplanets using HARPS radial velocities.
The system’s host star is an F5 star with a suspected rotation period near 5 days. Due to
the rapid rotation and early spectral type of the star, line broadening typically reduces the
precision of RV observations. Nonetheless, due to its brightness, HD 106315 b and c are

excellent targets for atmospheric observations [226].
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After systematic correction, K2 photometry exhibit a clear quasi-periodic signal, likely due

to spot modulation, making it a useful addition to our study.

HD 119291

HD 119291 is a K2 star with no known transiting exoplanets. The target is very bright

[9.24+0.03; 355], and we observed that the K2 photometry exhibits distinctive quasi-periodic

modulation that is likely due to spot modulation. HD 119291 has also seen archival observations

with the HARPS spectrograph, mainly with respect to Gaia radial velocity standard stars

1351].

6.2.1 Stellar Parameters

As alluded to previously, all of our targets are very bright, and have characterized in previous

works. Rather than repeat such analyses, we summarize the stellar parameters of our targets

in Table 6.1. While such a heterogeneous collection of stellar properties is unsuitable for

demographic studies of stellar or exoplanetary populations, it is sufficient to describe the

basic properties of targets for our study, which is primarily focused on time-series analysis.

Table 6.1: Stellar Parameters

System Tepr (K) Spectral Type R« (R@) M. (Mg) L. (Le) V Magnitude log R'HK Ppred (days) Reference
HD 173701 | 53374105 G8V 0.96£0.04 0.92£0.11 0.67+0.01 7.54:£0.03 -4.94 41.38 A
Kepler-21 | 630550 F6IV 190270918 | 1.408%0:020 | 5.18810152 8.2540.03 -5.19 14.83 B
Kepler-37 | 5406+28 G8V 0.78710:0%% | 0.87£0.15 | 0.479+0.001 9.77+0.03 -4.93 26.5 c
HD 4256 | 50174141 K3V 0.77£0.06 0.83£0.11 0.33£0.01 8.045£0.013 -4.95 46.2 A
HD 31966 | 5715+108 G2IV-V 1.61+0.07 1.02+0.12 2.48+0.06 6.74£0.02 -5.06 29.0 A
HD 24040 | 5776484 G1v 1.38+0.03 1.10+0.05 0.27+0.01 7.51540.009 -5.05 27.7 D
HD 106315 | 632150 F5V 1271017 1127899 | 0.388£0.004 | 8.951+£0.003 -5.14 5.9 E
HD 119291 | 4510137 K7V 0.69£0.06 0.71£0.08 | 0.178£0.009 9.24£0.03 -4.95 46.2 F

A is [355], B is [249], C is [314], D is [326], and E is [270].
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We predict rotation periods using an estimate from the log R/, activity indicators given in
[296]. We call these Ppeq in Table 6.1. A few of our targets have known rotation periods
(Kepler-21: 12.64+0.03 days [249]; Kepler-37: 29+1 days [314]; HD 106315: 5.15+0.28 days
[28]) and most of the others show clear signs of periodic modulation in photometry and RVs.
Photometry can often produce more reliable estimates of stellar rotation periods [278, 181],
though we utilize a non-photometric method to prevent “double fitting” photometry, which
we use later in §6.4. We have found that the estimate in [296] is generally close to the known
or suspected rotation periods of our targets. We note that Kepler-21’s predicted rotation
period using [296] was 0.05 days, far from the known, true value. This might be caused by the
relationship in [296] failing for a more evolved star. Instead, we use the asteroseismological

estimate from [186] for our predicted rotation estimate for Kepler-21.

As mentioned above, we observe primarily main sequence FGK stars. The primary exception
to this rule is Kepler-21, as well as the slightly evolved HD 31966. We adopt stellar
parameters from planet discovery papers for those with known planets, and use the TICv8

catalog for the remainder [355].

6.3 Survey Data

6.3.1 Photometric Data

We chose targets with an abundance of photometric data. Kepler targets that were able
to be observed simultaneously with NEID and TESS were prioritized, but TESS pointing

constraints forced us to choose several targets with K2 photometry instead of Kepler.
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Kepler Photometry

Three of our targets were Kepler targets, meaning that they were observed as a part of the
primary Kepler mission that launched on 6 March 2009, with observations beginning 2 May
2009. All three of these targets—Kepler-21, HD 173701, and Kepler-37—were observed until
11 May 2013, spanning 1470 days [57]. The Kepler spacecraft utilized a 1.4 m primary mirror

to observe ~ 150,000 main sequence stars using its 115 square degree field of view.

Kepler observations were divided into “quarters,” 90 days in length. Both short and long
cadence observations were taken by Kepler, with exposure times of 58.85 s and 29.4 minutes
respectively. Long cadence data is available for all Kepler quarters, while short cadence data
is only available for quarters 2, and 5-17. We choose to use long cadence data during our

analysis, as our RV cadence is insensitive to activity on sub-hour timescales.

We utilize the Presearch Data Conditioning (PDC) flux, produced by the Kepler science
processing pipeline [KSPP; 197]. This pipeline reduces raw data into a processed form,
removing known instrumental and erroneous effects, and flagging datapoints of suspicious
quality. Reductions can remove genuine physical signals from the photometry on periods
near the length of a Kepler quarter (90 days), though our targets are either known to, or
suspected to, have rotation periods far less than this length. A summary of our Kepler data

is visible in Table 6.2.

Table 6.2: Median Uncertainty in Observation Data

HD 119291

Instrument HD 173701 | Kepler-21 Kepler-37 HD 4256 HD 31966 HD 24040 HD 106315
Photometric Data

Kepler 2.92 ppm 4.38 ppm 7.79 ppm - - -

K2 - - - 3.77 ppm 4.83 ppm 6.50 ppm 13.14 ppm

TESS 23.89 ppm 38.83 ppm 79.62 ppm 27.44 ppm 17.27 ppm 24.64 ppm 489 ppm
RV Data

HIRES-pre - - - 1.27ms ! | 1.27ms ! | 1.30 ms~!

13.10 ppm
61.01 ppm

Continued on next page
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Table 6.2: Median Uncertainty in Observation Data

Instrument HD 173701 | Kepler-21 Kepler-37 | HD 4256 HD 31966 | HD 24040 | HD 106315 | HD 119291
HIRES-post 1.07ms ! | 245ms~! | 238ms~! | 0.86ms~! | 1.26 ms™! | 1.17m s !
HARPS - - - - 284 ms~! | 0.84ms!
HARPS-N - 1.23ms™ ! | 091 ms~! - -
APF 0.99ms™! | 547 ms™! - - -
NEID 0.49ms™ | 202ms™! | 1.36ms™! | 0.56 ms™! | 0.39ms™! | 0.71ms™! | 519ms™! | 0.73 ms™?!

K2 Photometry

We utilize K2 photometry for our remaining five targets, HD 24040, HD 31966, HD 106315,
HD 4256, and HD 119291. The K2 mission was a successor mission to Kepler after a failure
of two of its reaction wheels prevented the spacecraft from continuing its primary mode of
operation [187]. The follow-up K2 observations started on 30 May 2014 and ended on 30

October 2018, and targeted Earth’s ecliptic stars, rather than those in the Kepler field.

The K2 observing strategy was significantly different than that of Kepler, as it could not
point continuously at a single region of stars. Instead it would observe a field for ~83 days
and move to a different ecliptic region. Consequently, most of our targets have only a single
~ 83 day span of photometry taken with K2, rather than the extensive four year time span

of our Kepler targets.

K2 observations were taken in short (~1 minute) and long (~30 minute) cadence mode. We
used short cadence data in our analysis when available, though, as we mention in §6.4.1,
we typically bin data into regions of size 0.1 days, and so their should be no discernable

difference between cadence types.

Most important when analyzing K2 data is the treatment of systematic trends in the data.
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Due to the failed reaction wheels, K2 observations were consistently drifting off target,
requiring thruster fires to keep stars in the field of view [270]. This would consistently
change the pixel that each star fell on, introducing myriad systematic effects into the raw

data.

A variety of different correction methods were devised for the purpose of removing systematic
trends. In our analysis we utilize EVEREST [255] for all of our K2 targets, with the exception of
HD 4256, as the default EVEREST reduction included with 1ightkurve was hardly improved
from the raw flux. For HD 4256 we utilize pixel level decorrelation (PLD) built into the
lightkurve software package to produce a lightcurve that saw much reduction in the

artificial signals common in K2 photometry [237].

With the exception of HD 119291, all of our K2 targets still showed signs of long-period
systematic contamination after EVEREST, or PLD, corrections. To remove these signals,
we used a 1D spline in the SciPy interpolation module, scipy.interpolate.BSpline [385].
The smoothing factor, s, is a dimensionless parameter that controls the closeness (low values)
and smoothness (high values) of the spline fit. We used large smoothing factors to prevent

the spline from overfitting and removing short-period signals, typically ranging from 107 -

10°.

It is likely that the K2 photometry, after EVEREST and spline corrections, still contains
systematics. Nonetheless, we go forward with our analysis with these first and second-order

corrections: a more in-depth reduction would be beyond the scope of our analysis.

TESS Photometry

The Transiting Exoplanet Survey Satellite [TESS; 318] began its primary mission on 18 April
2018, and continues to take data today. While the primary purpose of the TESS mission is

to find transiting exoplanets, much like Kepler and K2, its observing strategy is significantly

203



different. TESS is an all-sky survey, starting in the Southern Hemisphere and pointing at
most stars for only a ~ 27 day sector before moving on to another region of sky. While not as
precise as Kepler, the TESS mission is especially focused on finding exoplanets orbiting the
brightest, nearest stars. To date, TESS has confirmed 446 transiting planets, though over
7,000 candidates are currently under some form of study (Taken from the NASA Exoplanet
Archive on 25 May 2024).

Because of its all-sky nature, most bright stars will receive TESS observations at some point.
All of our targets were chosen during NEID observing semesters where simultaneous NEID
RVs and TESS photometry were available. Because of their brightness, all of our targets

recieved observations at two-minute cadence, and some even at faster cadence.

We use TESS Pre-Search Data Conditioning Simple Aperture Photometry (PDCSAP) flux
processed by the TESS Science Processing and Operations Center [SPOC; 198] pipeline. This
processing removes troublesome features from raw flux data such as instrumental effects and
scattered light. However, it also tends to remove astrophysical signals longer than about
half a TESS sector in period-space. This might plausibly hinder TESS’s utility as a training
dataset for our RV analysis, and is one of the key differences between TESS and Kepler data.

We include a summary of TESS precision for each of our targets in Table 6.2.

6.3.2 Radial Velocity Data

RV data utilized consists of archival data, as well as newly acquired observations. RVs
taken with the NEID spectrometer and the Automated Planet Finder (APF) spectrograph
(detailed in §6.3.2 and §6.3.2) are all newly utilized, and non-archival. All other instrument

data is purely archival. We detail each instrument’s RV data in more detail ahead.
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RVs with Keck/HIRES

All of our targets, with the exception of HD 119291 and HD 106315, saw observations taken
using the High Resolution Echelle Spectrometer [HIRES; 387] located on the Keck 1 telescope

in Hawaii. Precise radial velocities are taken from [71].

The HIRES spectrograph recieved an instrument upgrade in 2006 that likely introduced a
systematic offset between data taken before and after. In our analysis, HD 173701, HD 4256,
HD 24040, and HD 31966 all have HIRES observations on either side of this maintenance.
Consequently, when modeling the data, we treat pre-upgrade HIRES data and post-upgrade
HIRES data as separate instruments. HD 173701’s pre-upgrade HIRES data appeared to
exhibit a strong trend not seen in any of the other data, which we deem likely systematic in

origin. We consequently exclude it from the analysis.

Our observation statistics are detailed in Table 6.2.

RVs with HARPS-N

Kepler-21 and Kepler-37 were both observed using the High-Accuracy Radial velocity Planet
Searcher-North [HARPS-N; 89] spectrograph. HARPS-N is located at the Telescopio Nazionale

Galileo, a 3.6-m telescope in the Canary Islands, Spain.

[314] utilized a pairwise Gaussian Process reduction during their analysis of Kepler-37,
producing a different set of HARPS-N RVs. Such a process was not used in [56], though
they include additional HARPS-N RVs. We utilize the data from [56] for all of our targets.
In particular, we do not uses Kepler-37 data from [314] for 1) consistency with our other
targets, and 2) we are interested in studying post-processing methods for removing stellar

variability, while [314] utilized a pre-processing method to do so.
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Our observation statistics are detailed in Table 6.2.

RVs with HARPS

Two of our targets, HD 106315 and HD 119291 were observed by the High Accuracy Radial
velocity Planet Searcher [HARPS; 271]. HARPS is a high precision spectrograph utilized by
the European Southern Observatory 3.6 m telescope, located at La Silla Observatory, Chile.

HARPS is capable of achieving a spectral resolving power of R ~ 115,000.

Our observations statistics are detailed in Table 6.2.

RVs with the Automated Planet Finder

We obtained RVs of HD 173701 using the Levy Spectrometer on the 2.4m Automated
Planet Finder [APF; 388] Telescope. APF is a fully robotic telescope at Lick Observatory
on Mt. Hamilton, CA.

Our APF observations of HD 173701 are comprised of 61 observations taken over a 1902-
day baseline extending from July 2013 to September 2018. We used an exposure meter to
achieve consistent SNR sufficient to achieve ~ 1 m s™1 precision; exposure times range from

322-1800s.

The Levy spectrometer is equipped with an iodine vapor cell to provide a stable wavelength
reference and track variations in the instrument profile. RVs were extracted using the method
described in [71]. The APF RV time series has an RMS scatter of 4.7 m s~1 and a median

uncertainty of 0.99 m s™1.
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RVs with the NEID Spectrometer

We obtained RV observations for all targets with the extremely precise NEID spectrograph,
located on the WIYN 3.5 m telescope at Kitt Peak National Observatory' [336] . NEID
is extremely stable, with a resolving power of R > 100000 and capable of achieving RV
precisions as low as 25 cm s~1. RVs were obtained via the standard NEID reduction pipeline,

which utilizes a cross correlation function [CCF; 14] to generate precise RVs.

One of the main goals of our analysis was to explore how photometry can help mitigate
stellar activity in the era of extreme precision radial velocities (EPRV). Thus, obtaining

NEID data simultaneously with TESS was an essential part of our experimental design.

Obtaining RV observations simultaneously with any photometric instrument can be very
challenging, but is especially so for TESS. The TESS observing strategy typically only
observes a single star for a 27 day sector, limiting the ability to obtain RVs simultaneously.
This is complicated by the fact the NEID instrument is not used every night at the WIYN
telescope, and that scheduled NEID observations are often competing with other programs
for limited observing time. The difficulty is alleviated by the queue-observing system
employed by WIYN staff, allowing for high-cadence observations that are impossible in a

classically scheduled system [152].

Our observing programs faced several challenges. We were originally allocated NEID time
during Sector 26 of the TESS primary mission, the first sector where Kepler stars were to
be observed and NEID was operational. However, Kitt Peak underwent a full observatory
shut down due to the SARS Cov-2 pandemic during Sector 26, making data acquisition
impossible. Observations for our program continued nominally in 2021, thanks in part to

the NEID queue system, and we initially had great success observing during Sectors 40 and

!The WIYN Observatory is a joint facility of the University of Wisconsin-Madison, Indiana University,
NSF NOIRLab, the Pennsylvania State University, Purdue University, and Princeton University.
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41. The latter saw a particularly bad patch of weather at Kitt Peak, and few of our final

observations were able to be executed.

TESS then moved to the Southern hemisphere for year three of its mission (Sectors 27-39),
and we could no longer observe Kepler targets simultaneously with TESS. Fortunately, some
ecliptic targets could be observed with NEID and TESS simultaneously, and we obtained
RVs of our K2 targets. After a year in the Southern Hemisphere, TESS would return to the
North and the Kepler field. As is visible in Figure 6.1, these observations quickly ceased
due to the Contreras wildfire, which threatened Kitt Peak National Observatory, halting

observations for several months.

Despite the many setbacks our program faced, we obtained many NEID RVs simultaneously,
or nearly simultaneously, with TESS observations. We include a plot of our simultaneous

observations in Figure 6.1.

Our observation statistics are detailed in Table 6.2.

6.4 Analysis

6.4.1 Training Activity Models

Much of our analysis is devoted to determining which photometric datasets can be used to
glean the most information about stellar activity contamination in the RVs. Kepler data
has a much longer baseline than TESS, but is comparatively old, and may not well predict
the current stellar activity structure. K2 data, while longer baseline than TESS, has its
own disadvantages, as the data include difficult-to-remove instrumental signals that might
negate any advantage from the longer observing baseline. Future photometric missions such

as PLATO [315] will likely provide different advantages and disadvantages still. To the
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Figure 6.1: NEID observations of our eight targets. TESS observations are overlaid in blue.
Bad weather hindered observations of Kepler targets at first, and the Contreras fire would
eventually prevent observations toward the end of our program, hence the small window of
TESS observations which then ended abruptly for the Kepler targets. We generally had high
success observing K2 targets.
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end of quantifying advantages and disadvantages, we carry out analyses that are trained on
Kepler/K2 photometry, or TESS photometry, as well as untrained analyses, and scrutinize

the results.

Our training involves fitting an activity model to each photometric dataset, and using
Markov-chain Monte Carlo [MCMC; 126] sampling to determine the best fit posteriors.
We then use these posteriors as priors when performing RV-only fits, or when performing
injection-recovery fits. We choose as our activity model the K;; chromatic GP kernel,
detailed in [74]. This kernel is an expansion of the commonly used quasi-periodic (QP)
kernel, with a few advantages not implemented in the QP kernel by default. The K ;; kernel

is given in equation 6.1.

—[ti—t* 1 sinz(ﬂt"_tj'))

— (6.1)
277% 2775 13

Kn= ,s(i)T,s(5) €XP (

The first advantage we expect from this kernel is that it utilizes a different activity amplitude
term for each instrument, which is generally physically motivated, as different RV and
photometric instruments often extract information from different bandpasses, and stellar
activity is chromatic [90]. Additionally, the K ;; GP kernel models all instruments in a single
covariance matrix, allowing covariances between instruments to be enforced, whereas the

traditional QP kernel models each instrument independently.

The advantages of the K j; kernel are not as obvious when training on photometric data, but
we expect real benefit to come from RV fits utilizing this kernel. For consistency, we do all
our training and model evaluation using this kernel, though on single-instrument photometry,
the K ;1 kernal is identical to the QP kernel. The calculation of the chromatic GP likelihood

scales with number of data points by O(N?), making the computation impractical for very
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large datasets, like photometry. To circumvent this problem, we train on binned subsets of
photometry. We use 30 minute time bins, as RV cadence is much sparser than this, and

stellar activity that evolves on shorter timescales is not likely to be detected in the RVs.

We additionally use subsets of the photometric data to speed computation. For Kepler,
we chose quarters 6 and 7 for this analysis. This choice was originally motivated by the
availability of simultaneous Kepler-21 RV data in these quarters, and we continue to adopt
it for our other Kepler targets for the sake of consistency. K2 targets saw much shorter

baseline observations, and we use all available K2 data for each target.

TESS photometry for some targets is highly abundant, but often spread out over many
years with large gaps of no observation. During survey development, we chose targets where
simultaneous NEID observations could be acquired with TESS observations. Consequently,
we generally choose TESS photometry closest to our NEID observations for photometric

training. A full table of which datasets for which targets were used for training is given in

Table 6.3.

Table 6.3: Photometric Training

Target Kepler | K2 | TESS

HD 173701 | Q6, Q7 | - 540, S41
Kepler-21 | Q6, Q7 | - 540, S41
Kepler-37 | Q6, Q7 | - 540, S41
HD 4256 - C8 542, 543
HD 31966 - C13 543, S44
HD 24040 - C4 | S42, S43, S44

HD 106315 - C10 546

HD 119291 - C17 550
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We chose broad, uninformative priors for our fits, to maximize the amount of “learning”
that could be done. For 7;, we implemented a Jeffreys prior with minimum 10 ppm, and
maximum 1,000,000 ppm. For 75, we implemented a wide Jeffreys prior with a minimum
equal to the predicted rotation period, and a maximum of 10,000 days, as suggested by
Polanski et al., 2024 (submitted). For 73, which is often a good approximation of the stellar
rotation period, we utilize a Gaussian prior centered at the predicted rotation period (Table
6.1), and with a width of 20% of this estimate. Finally, we follow [249] and Polanski et al.,
(submitted) concerning 7, by utilizing a Gaussian prior for centered at 0.5, with a standard

deviation of 0.05.

We run each training dataset through an MCMC inference process to measure, primarily,
its GP hyperparameters. We generate an activity-only GP model using the RadVel software
package [133]. We follow the default RadVel convergence criteria to assess convergence, which
assesses convergence by determining when the Gelman-Rubin (G-R) statistic [119] is less than
1.01 and the number of independent samples is greater than 1000 for all free parameters for
at least five consecutive checks. After inference is completed, we use the posteriors of all the
hyperparameters as priors for our RV fits, with the exception of amplitude. This is because
photometry and RV data have completely different dimensions, and photometric amplitude
cannot be reliably converted into RV amplitude. We implement posteriors as priors by taking
the posterior mean and standard deviation, and using these as Gaussian priors in our RV

fits. A summary of our training posteriors is given in Table 6.4.
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Table 6.4: Trained Values

Target Kepler K2 TESS
HD 173701
ne (days) 41.7+0.5 - 51411
ns (days) | 32.8140.07 - 42.045.6
4 0.098-+0.003 - 0.049-+0.009
Kepler-21
12 (days) 17.541.6 - 15.74+1.3
ns (days) | 22.03£0.11 - 15.842.3
m 0.090-+0.003 - 0.14+0.05
Kepler-37
ne (days) 27.74+1.2 - 3044
ns (days) | 26.540.2 - 17.640.22
4 0.2240.01 - 0.2740.07
HD 4256
12 (days) - 55+1 60+15
n3 (days) - 5046 18.440.3
un - 0.5+£0.05 | 0.42+0.05
HD 31966
12 (days) - 31.943.2 | 80942100
n3 (days) - 26.040.6 27.945.4
M - 0.4240.05 | 0.51£0.05
HD 24040
12 (days) - 38+12 66429
n3 (days) - 29.842.8 | 8.3540.09

Continued on next page
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Table 6.4: Trained Values

Target Kepler K2 TESS
un - 0.5240.05 | 0.4840.05
HD 106315
12 (days) - 6.24-0.37 9451
ns (days) - 5.36£0.64 | 4.52+0.41
un - 0.5140.05 | 0.4840.05
HD 119291
12 (days) - 41.942.7 61424
n3 (days) - 24.7140.15 | 14.8640.15
M4 - 0.2640.02 | 0.2840.15

6.4.2 Injection-Recovery Tests

We utilize an injection-recovery test to explore which training method best removes stellar
activity contamination. For each target, we take its RV data and inject a variety of planetary
signals with known orbital period, RV semi amplitude, and phase. We then fit an RV model
with the injected planet included and an RV model with it excluded, and compare the results.
In particular, we elect to use model comparison to determine with what level of confidence

that the injected planet is recovered.

Another possible metric for model effectiveness is the recovered RV semi-amplitude of a
simulated planet, divided by its uncertainty. However, due to the high computational
cost of our injection-recovery tests detailed later in the section, we were unable to perform

true inference, and thus could not achieve a reliable estimate of our amplitude uncertainty.
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Consequently, we opt to use model comparison rather than recovered amplitude significance.

We follow a similar method as used in [74] by injecting planets with a variety of periods and
amplitudes. We create 10 bins linearly spaced between 1 and 10 m s~! for RV amplitudes, and
10 bins with log-uniform spacing between 0.1 days and 1000 days for injected orbital period.
The result is 100 bins for a range of amplitudes and orbital periods. When injecting signals,
for each bin, we generate a fake planet with RV amplitude and orbital period randomly
selected inside each bin, and with zero eccentricity. Additionally, we then randomly pick a
phase for the injected planet to prevent our results from being biased by RV phase coverage.

We do this 100 times in each bin, and average the results.

Following [74], we explore two cases: first, where the injected planet is “transiting,” and we
know the orbital period and time of conjunction precisely. In these cases, these parameters
are fixed when fitting, and only the RV amplitude K of the injected planet is fit. The second
case is an “RV detected” planet, where we do not know the precise orbital period or phase,

and these parameters must also be fit.

To determine the effectiveness of our training, we compare the results of RV fits that include
the injected planet, and those that do not. To do so, we perform N and N+1 planet fits for
each system and training dataset, where N is the number of planets known in the system.
We compare the results of the fit using the evidence of each model, which is calculated by
integrating the product of the model likelihood and its priors over the entire parameter space
[209]. A higher evidence value indicates a better fit to the data, and we use the concept of
the Bayes Factor (BF) to quantify the improvement gained by adopting the higher evidence
model. This is usually defined as the ratio of the evidences, though it is more often the
logarithm of the BF that is computed and referenced, as the log of the evidence is much less

likely to overflow a computer’s floating point precision.

The primary issue with utilizing evidences to explicitly calculate the BF is that they are
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very computationally expensive, and often completely impractical to estimate. A variety
of methods exist for approximating the evidence or the BF [BIC, AIC, Nested Sampling;
235, 111], though all have their drawbacks. BIC and AIC typically require a full MCMC
sampling process before they can be reliably calculated, and even then are considered
imperfect approximations of the evidence. Nested sampling can be used to calculate the
evidence of a model without taking the complicated integral, but is itself a sampling process

that can be time-consuming.

The problem is especially severe in our case, as our injection-recovery tests are performed for
100 different grids, and with 100 simulated phases inside each grid. These 10,000 calculations
have to be performed six times for each target: fits without training, trained on Kepler /K2,
trained on TESS, and in each case fits including the injected planet in the model, or not.
Thus, 60,000 model evidences have to be calculated for each of our targets, a totally infeasible

task using the above methods.

Instead, we approximated the evidence using the Laplace approximation (detailed in [291]
A3). Essentially, the Laplace approximation leverages the fact that a complicated integral,

decomposed into an exponential

Z = /exp(f(x))dx (6.2)

can be approximated as

l (2m)”
det |H((L’0)|

| I
(S

x exp(f(zo)) (6.3)
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where H is the Hessian matrix of f(x), and z is a region of high probability, far from the
bounds of integration. We utilize a lightweight python package, LApprox [37], to estimate

the evidence for each of our runs.

We include a summary figure for each of our targets in the appendix, though highlight HD
173701 in the main text in Figure 6.2. These include plots of our GP fits to the photometry,
as well as summary plots of the injection recovery results for the “transiting” and “RV-

detected” cases.

6.4.3 Non-Simultaneous TESS Fits

Beyond determining which training dataset improves RV fits most significantly, we are
interested in quantifying the effectiveness of simultaneously obtained RV data. Such data is
widely considered ideal for constraining RV activity models using photometry, but is often

difficult to acquire in practice.

To do so, we perform another injection-recovery test on a model that has been trained on
non-simultaneous TESS photometry. In Table 6.3, we note the TESS sectors that were used
for training our activity models in our main analysis. These were selected because they were
the TESS sectors simultaneous with our acquired NEID RV data, and we hypothesized that a
model trained on this data would be most effective at separating stellar activity signals from
exoplanet signals. To test this hypothesis, we train on non-simultaneous TESS sectors, and
we compare the result. HD 106315 and HD 119291 have no additional TESS photometry,
and could not be included in this analysis, but we were still able to analyze six targets. We
used sectors 53 and 54 for the three Kepler targets, sector 70 for HD 4256, sector 71 for HD
31966, and sectors 70 and 71 for HD 24040. For the Kepler targets, this is a median RV-
photometry separation of 356, 352, and 362 days for HD 173701, Kepler-21, and Kepler-37,

respectively. For the K2 targets, this corresponds to a median RV-photometry distance of
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Figure 6.2: We include a variety of plots summarizing our training and analysis of HD
173701. Top Left: Kepler and TESS training data, as well as our best fit GP model overlaid.
Top Right: RV time series and training posteriors. Bottom: Results of our injection-recovery
analysis in the two cases described in §6.4. The left plots show the preference for models
including the injected planet when no GP training is applied. The middle two plots show
the improvements gained when training on Kepler or TESS. The rightmost plots highlight
the differences between Kepler and TESS training.
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Figure 6.3: We show the increased or decreased performance of our activity models when
trained on simultaneous data instead of non-simultaneous data. The y-axis indicates ABF
between models trained on simultaneous versus non-simultaneous photometry. Positive
values indicate that the simultaneous photometry is improving sensitivity to injected planets,
while negative values indicate worse performance. Red bars correspond to our “transiting”
planet runs, and the blue bars correspond to “RV-detected” injected planets. There is not
consistent improvement gained from simultaneous photometric training. We note that for
HD 24040, the negative preference goes far below our axes limits, which we set for a clearer
analysis of the other systems. As mentioned in the text, we believe these fits may not be
reliable.

709 days for HD 4256, 719 days for HD 31966, and 684 days for HD 24040.

We train activity models on these non-simultaneous TESS sectors just as in §6.4.1, and we

compare the differences in effectiveness in Figure 6.3.
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6.5 Discussion

6.5.1 Which Photometric Dataset?

Our injection-recovery tests shine some light on the advantages of training on a photometric
dataset. Furthermore, we highlight the strengths of either Kepler or TESS training. We
provide summary plots for each of our eight targets in Figures 6.2 and D.1 through D.7.
These plots contain the Kepler and TESS training timeseries, the RV time series, the results
of our training, and the results of injection-recovery tests. We focus on the bottom two

panels of each plot in this section.

The leftmost injection-recovery panels show the level of preference for a fit with the injected
planet over a fit without the injected planet when the GP model is not trained. We use the
Bayes Factor (BF) as described in §6.4 to quantify this value. The middle panels quantify
the level of improvement gained by training on Kepler or on TESS, as compared to no GP
training at all. Finally, the rightmost panels show the difference between the middle two,
emphasizing which photometric dataset improves the BF by the greatest amount. We discuss

each target briefly before our final summary just after.

HD 173701

The results of our HD 173701 analysis are visible in Figure 6.2. The system is one of our
brightest targets, and its photometry exhibits very clear quasi-periodic modulation. We
predict a rotation period of 41.38 days from the log R}, value in §6.4.1, though GLS
and autocorrelation analysis of the Kepler photometry suggest a ~ 32-36 day rotation
period [405, 181]. Like the other Kepler targets, the injected planet sensitivity is generally
highest when the model has been trained on Kepler photometry, though at longer periods

TESS occasionally performs modestly better. Interestingly, shorter period injected planets,
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especially with larger amplitudes, do not appear to benefit from training an activity model.

This trend appears for several targets, and we discuss it in §6.5.1.

Kepler-21

A more detailed discussion relating to Kepler-21 is available in Beard et al. 2024b in prep,
though we summarize here. The results of our analysis are visible in Figure D.1. Kepler-21
exhibits a fairly clear ~ 12 day rotational modulation in its Kepler photometry, though the
rotation term of our GP model does not adhere to this value during training. TESS training
recovers a value closer to the true rotation period, though with a larger uncertainty. Training
on Kepler photometry still recovers injected planets more often than when training on TESS
photometry. This suggests that some genuine stellar activity contamination likely exists near
22 days, and that this contamination exists in the RVs as well. The source of such a periodic
signal is difficult to ascertain considering the system’s known rotation period, though this
affirms the importance of utilizing an entire dataset to mitigate stellar variability, rather

than a single number for a stellar rotation period.

Kepler-37

Kepler-37 results are visible in Figure D.2. The system exhibits clear rotational modulation
on a ~ 29 day time scale, too long for TESS to plausibly recover. As with the other Kepler
targets, GP models trained on Kepler photometry consistently recover injected planets with

higher confidence.

Unlike with the other Kepler targets, training on Kepler much more significantly recovers
the higher amplitude, shorter period planets injected during our analysis than when the GP
model is not trained, or when it is trained on TESS. It may be that some higher frequency

signal in the RVs confuses any attempt to recover planets, but is more easily distinguished
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when trained on Kepler photometry.

HD 4256

The K2 photometry of HD 4256 likely still contain systematic contamination, despite the
efforts in §6.3. The system also maintains higher levels of stellar variability in photometry
and RVs, evident from TESS and Spyx values. We expect that this contributes to the fact
that TESS training seems to typically be the best at recovering unknown planets during our

tests.

The system is known from its Sy values to have long-period activity cycles. Neither K2
nor TESS are likely to be sensitive to such long period signals, and this may explain the

fairly precipitous dropoff of its sensitivity to injected planets between 60 and 100 days.

HD 31966

Our analysis of HD 31966, visible in Figure D.4, indicates that K2 photometry is more
informative for removing stellar variability from RV data. It may be that the higher precision
of K2 is contributing most, as HD 31966 is one of our least active targets. TESS photometry
does not show clear, quasi-periodic signals, and the amplitude of our model is near the

precision TESS achieves on HD 31966.

Strangely, the “RV detected” and “transiting planet” cases tell opposite stories for this
system. In the former, K2 performs better when recovering injected planets near 60 days,
and worse elsewhere. On the other hand, the latter sees TESS recovery improve near 60
days, and perform worse elsewhere. It may be that the choice of training dataset should be

motivated in part by the nature of the exoplanets in the system.
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HD 24040

Results pertaining to HD 24040 are visible in Figure D.5. The target is unique among our
study in that it has known, RV-detected exoplanets that do not transit. These planets are
long-period, and a trend in the data suggests the possible existence of another yet. Its
K2 photometry either exhibits small fluctuations due to stellar variability, or there is some
residual systematic signal. TESS data, too, exhibit low levels of variability. For these reasons,
the injection recovery tests are somewhat ambiguous. Kepler and TESS see preference in
the “fixed” planet case in different regimes, and rarely improve the model at all in the “RV-
detected” planet case. In fact, in the latter case, our injection recovery tests failed even when
the injected signal was large. This is unexpected, and difficult to explain. Most likely, the
existence of long period giant planets interferes with our ability to recover injected signals,

and the issue is amplified when the period of the signal is allowed to vary.

HD 106315

HD 106315 results can be seen in Figure D.6. Clear quasi-periodic variability in both K2 and
TESS photometry can be seen, and the RV data too appear to vary with high amplitude. HD
106315 is a strange case, as it seems to have genuinely high variability in both photometry
and RVs, and yet it fares better when trained on K2, rather than TESS as we might expect.
The most likely culprit is the poor precision of our NEID RVs, especially as compared to
our other targets. The archival HARPS data is much more precise than our NEID data, and

closer in time to K2 photometry. This is likely the reason that K2 training performs better.
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HD 119291

Interestingly, our analysis of HD 119291 (Figure D.7) suggests TESS training is superior
for this target. TESS photometry is not abundant, and the K2 photometry for this target
appears to be less contaminated with sytematics than for some of our other targets, all which
would suggest the opposite result. It seems that the simultaneous, highly precise NEID RVs
contribute enough to the injection-recovery tests that TESS training is more important for

this system.

It is also interesting to note a dramatic improvement in sensitivity to injected planets between
30 and 60 days, that then falls. The predicted rotation period falls in this regime, though
our GP models all adhere to lower periods. Most likely, a real activity signal at this period

constructively interferes with our injected planets, amplifying our sensitivity.

All Targets

First we examine the three Kepler targets, HD 173701, Kepler-21, and Kepler-37. The first
conclusion that we can make is that for low-amplitude injected signals, the GP training has
little effect. This is not surprising, as low-amplitude planets are challenging to recover in even
a quiet dataset. In such fits, the activity model is not the dominant source of uncertainty,
rather it is the number and precision of the RVs. Perhaps more surprising, all three datasets
see little-to-no improvement over the untrained fits for short period, high amplitude signals
(with the exception of high amplitudes for Kepler-37). Why might this be? Such injected
signals are expected to be recovered most easily, and so it may be that no matter how well
the activity signals is constrained, the injected planet is recovered about as well in all fits.
Interestingly, for longer period injected planets, Kepler seems to be the best photometric
dataset to train on, despite its age. The longer observation baseline, higher precision, and

sensitivity to longer-period signals beats out any advantage recent TESS photometry might
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provide, despite our recent, simultaneous NEID RVs.

The K2-trained targets paint a less clear picture. Of the five, HD 4256 and HD 119291 have
a clear preference for TESS training, while HD 31966 and HD 106315 benefit more from
K2 training. HD 24040 has no clearly winning dataset. HD 106315’s preference may be the
easiest to explain: its NEID RVs are the least precise in our dataset, and it seems plausible
that the advantages of training on TESS (mainly simultaneity with NEID) are diminished
when the NEID data are less constraining of the RV model. HD 119291 and HD 4256 both
have highly precise NEID RVs, likely emphasizing the importance of NEID simultaneity. HD
31966 is confusing from this angle, however, as its NEID RVs are the most precise in the
dataset, and we have achieved the largest number of simultaneous RVs. Perhaps the best
explanation is the fact that it has the smallest amplitude of activity contamination, similar
to HD 24040. Examining the log R, values in Table 6.1, this seems probable. log R,
values can be a good measure of stellar activity [153], and HD 119291 and HD 4256 have the
largest values in the K2 target list. The advantages of training on simultaneous photometry

seem to diminish as activity contamination becomes smaller.

Comparing the “transiting” planet fits to the “RV detected,” we can see that GP training
has a larger effect, typically, for the latter case across the board. This is unsurprising:
when the period and phase of the undetected planet is uncertain, it is more difficult for an
untrained GP to distinguish stellar activity from the injected planet. Thus, training a GP

on photometry has extra benefit when searching for non-transiting planets.

Kepler and TESS photometry have many different qualities. Kepler photometry is much
longer in baseline, higher in precision, and sensitive to longer period stellar activity signals,
but is temporally distant from many of our most precise RVs. Despite this, training an
activity model on Kepler photometry consistently recovers injected planet signals more
strongly than when activity models are trained on TESS. This sensitivity increase seems

to uptick above half of a TESS sector length, which may suggest that the short baseline of
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TESS observations is the largest hindrance to mitigating activity.

K2 targets often better recover injected planets when trained on TESS. The K2 mission has
significantly shorter baseline than Kepler (typically ~ 80 days), though it is still much longer
than a typical TESS sector. K2 data are also notoriously contaminated with systematic
effects. A GP activity model, when trained on such a dataset, might attempt to remove
signals that originate from K2 systematic effects from RV data, despite their absence. This,
combined with K2’s shorter baseline when compared to Kepler, seems to hinder K2’s other

advantages.

6.5.2 Are Simultaneous RVs Beneficial?

We are also interested in exploring the benefit of simultaneously acquired RVs. It is commonly
expected that RVs acquired simultaneously with photometry are ideal, as photometry can
be used to constrain stellar activity signals in RVs as they are happening. Simultaneous
RVs can be very challenging to acquire, however, and their true benefit may be small. Many
analyses today utilize disparate datasets with a variety of RV and photometric instruments,

further diminishing the probable benefit of simultaneously acquired RVs.

We performed a series of injection-recovery tests trained on simultaneous TESS photometry,
as well as on non-simultaneous TESS photometry (refer to §6.4.3 for details). We take
the median BF preferring the injected-planet model from our simultaneous-TESS and non-
simultaneous-TESS analyses, and we use these numbers as a metric of how well the training
is identifying injected planets across period-K amplitude space. We then take the difference

between the simultaneous and non-simultaneous BF's in Figure 6.3.

A clear pattern is hard to distinguish. Simultaneous photometry is not the clearly better

dataset with which to train an activity model. HD 173701 sees improvement in both
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“transiting” planet and “RV-detected” planet cases, but Kepler-21 and HD 24040 both
benefit most from training on the non-simultaneous dataset. The other targets see a mix of

both, and the two cases are not even consistent across targets. What patterns exist?

Kepler-21 may be the easiest case to explain. NEID RVs of Kepler-21 are less precise
than the archival HARPS-N RVs, so the benefit of simultaneous NEID-TESS training is
likely reduced. Additionally, archival HARPS-N RVs are simultaneous with Kepler, further
reducing the importance of simultaneous NEID data. It may be that the non-simultaneous
TESS sectors happened to observe the star when its activity cycle was more similar to Kepler

photometry, creating a preference for that TESS training dataset.

HD 24040 is an irregular case. Our injection recovery analysis (Figure D.5) is the most
unusual of all of our targets, and we theorize that the system is not ideally suited for
such. The presence of long-period, RV-detected planets seems to be interfering with the
effectiveness of the Laplace Approximation, as even easily detectable injected planetary
signals are not preferred in model comparison. Any conclusion taken from HD 24040

injection-recovery tests is likely suspect, and should be interpreted with caution.

HD 173701 and HD 4256 benefit the most from training on simultaneous photometry (though
HD 4256 does not prefer this in the “transiting” planet case). These systems have the longest
rotation periods in our sample ( > 30 days), and this may suggest some increased benefit
for longer-period systems. With only six systems with which to compare results, we caution

that a strong conclusion affirming this fact is not possible.

Kepler-37 sees significant improvement in the “transiting” planet case, but in the non-
transiting scenario it is similar to HD 31966 in that it sees little difference in results no

matter which TESS sectors it is trained on.

Overall, it is hard to claim a clear pattern. Our comparisons are most likely hindered by

the different natures of our targets: different spectral types, rotation periods, and activity
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levels make it difficult to identify exactly which quality is most improved, or hindered, by
training on simultaneous photometry. The different qualities of the targets’ archival data,
too, probably affects the results, as Kepler-21, for example, has a great deal of archival
HARPS-N data that are of similar precision to NEID. A future study, with a greater focus
on similar stellar parameters and restricted to only the simultaneous, or near-simultaneous,
RVs would likely be the best way to identify any real pattern, or lackthereof. We can conclude
with confidence, however, that training data on simultaneous photometry is not necessarily

the best way to remove stellar variability from RV data.

We conclude that if one is able to obtain enough RVs simultaneously with a photometric
dataset to be able to independently recover a planetary signal, then that photometric dataset
is likely the best to train upon. However, in the era of queue-scheduled RV observations,
especially when utilizing data from a variety of RV instruments, one is likely better off
obtaining additional RV observations in lieu of scheduling high priority time in order to
achieve simultaneity. As a point of reference, the NEID queue assigns time priorities into
five bins: 8% of time at priority 0, 17% at priority 1, 25% at priority 2, 25% at priority 3, and
50% at priority 4. Requesting high-priority time can seriously raise the cost of a telescope

proposal, and if simultaneous RVs and photometry are unnecessary, it may not be required.

6.6 Summary

We perform an RV-photometry analysis of eight Kepler/K2 targets. We chose targets with
known stellar activity contamination in order to study the best methods for mitigating stellar
activity contamination in our RVs. We additionally obtained precise NEID observations of

all targets simultaneously with TESS observations.

We then train stellar activity GP models on Kepler and TESS photometry, and use these
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models to recover injected planet signals for our datasets. Finally, we experiment with the

limits of temporal proximity for six of our targets, and we compare the results. We conclude:

1. Training stellar activity models on Kepler photometry is likely the best option when
Kepler photometry is available, at least compared to TESS. Of our three Kepler targets,
training on Kepler photometry improved the BF preferring injected planets by an

average of 2.6 in the transiting planet case, and 3.7 in the RV-detected case.

2. Systems with longer rotation periods (P,,; > 12 days) and higher activity levels (ogy

> 5 m s~!) may benefit more from simultaneously acquired photometric observations.

3. Photometry simultaneous with RVs is not necessarily the best photometric dataset to
use for activity mitigation. If one is able to obtain a larger quantity of RVs that are
non-simultaneous (i.e. requesting lower priority time in a queue system) than can be

acquired simultaneously, this will often better constrain an RV signal.
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Chapter 7

Conclusion

The next generation of exoplanet science will be characterized by a deeper understanding of
particular planets, in addition to a wider understanding of the populations and formation
mechanisms that create the universe we see today. To expand our knowledge to the widest
population of exoplanets, we must improve our instrument precision, as well as our analysis
techniques. Most planets in the solar system would not be detectable if observed from one
of our neighboring stars, a reminder that while we have discovered many exoplanets, many
more remain outside of our reach. What’s more, we still know precious little about even
planets that were discovered decades ago. Bulk density is often the most detailed measured
parameter we can estimate for any exoplanet, and this only if we have measurements of
both mass and radius, far from a certainty. Many more planets have only one or the other,
with no realistic prospect of amending this. Hubble and ground-based instruments have
observed the atmosphere of some high SNR hot Jupiters, and JWST is currently observing
the atmospheres of smaller transiting planets. Consequently, we have a basic understanding
of some planetary atmospheres, though we are mostly restricted to climates far different
than we see in the solar system. Even these measurements are clouded by degenericies and

other sources of uncertainty, however, and we often can say very little about known planets
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with great certainty.

To deeply understand exoplanets, we must utilize data from different sources. RV and
photometric data are the most successful and abundant, though future missions will make
direct imaging of reflected light of nearby exoplanets a possibility, and Gaia astrometry
is already revolutionizing the way we can constrain the orbits of cold, distant planets.
Even a single detection method, such as RVs, is typically spread over multiple observing
instruments, making complete models today more complicated than ever. To widely and
deeply understand exoplanets, we require analysis techniques that can combine multiple
observing methods, techniques, instruments, and processes into a physical model that is

consistent and manageable.

I began my study focusing on how photometry and RVs together can shed light, where
photometry alone cannot. [ began in §??7 with two M dwarf systems. I performed a
deep analysis of both systems by combining not only TESS photometry, but ground based
ARCTIC and RBO photometry in joint models with RV data. Even the RV data came from
multiple instruments, already demonstrating how a complicated physical model is required
to combine the physics of many datasets into one. We were able to constrain planet masses
where, without RV's, we previously could not, and the ground-based photometry we acquired
further improved the radii of the planets. Combined, we could examine aspects such as
system bulk density, and with our orbital period measurements we could precisely measure

equilibrium temperature and atmospheric flux values.

I continue in this vein in a more challenging system, GJ 3929, in §77. GJ 3929 is an exo-Venus
that exhibited modest stellar variability, and contains a non-transiting exoplanet in its RV
data. Exo-Venus’s are particualrly important to study, as our ability to distinguish between a
Venus-like and Earth-like planet is essential if we wish to characterize surface condtions with
any reliability. GJ 3929 proved to be an interesting case where one dataset (RV) revealed a

previously undetected planet not seen in the photometry. Such cases are not uncommon, as
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all exoplanet detection methods have different sensitivities, and one method will often shed
light where others could not. These problems will only grow larger as even more different
datasets are combined, with myriad different precisions, susceptibility to stellar activity, and

dimension.

I next turned my attention to stellar variability specifically, and how its different effects
in different datasets can be used to understand stellar magnetic activity more deeply than
any single dataset could alone. To start I focused on the system TOI-1136 in §4, a highly
multiple TESS system with six known transiting exoplanets, and a possible seventh. The
system is young (~ 700 Myr), and its RV and photometric data are highly contaminated with
stellar variability signals. Furthermore, the unique resonance of the planets in the system
contributed to large-amplitude TTV signals, adding to the complexity of any analysis. In
order to best understand the true nature of TOI-1136, I combined transit timing data,
RVs, and a GP model to account for stellar variability. If TOI-1136 were an older, quieter
system, we likely could have characterized the system even more precisely, as the activity
contamination was substantial. However, to truly understand the nature of exoplanet
formation and evolution, we must study these young, multiple systems. Thus, we must
study systems contaminated by stellar variability, and to do so, we must have practical

techniques that separate stellar variability from exoplanet signals.

An effective way to do so is to utilize photometry to learn about stellar variability, rather
than only looking for planetary transits. Photometric data is an abundant resource, and
the relationship between photometric stellar variability caused by brightness variations, and
RV variability caused by line shape variations, is well understood. How best to utilize this
information, is less so. In §5, we perform a case study on Kepler-21, a Kepler system with
know stellar activity contamination. We obtain NEID RV data simultaneous with TESS
data, and we perform a wide variety of analyses of the system. We explore two primary

methods of transferring stellar activity knowledge from photometry to RV data: namely
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joint fits, and training a GP model on photometry before utilizing it on RVs. We found
that both perform equally well for recovering the mass of the transiting exoplanet, but that

training on Kepler photometry is still superior for discovering new planets.

We expand upon the Kepler-21 analysis in §6, by applying it to eight targets with Kepler /K2
photometry, and stellar activity contamination of their RVs. We perform injection-recovery
tests to determine that, among multiple Kepler targets, Kepler photometry training indeed
still appears superior when searching for additional exoplanets, but that this is less clear when
utilizing K2 photometry. It seems that the tempral proximity of TESS to our new NEID
RVs provides substantive advantage, despite K2/Kepler’s increased precision and observing
baseline. We also quantify the effects of simultaneous RVs, and confirm the widely held
belief in the EPRV community: simultaneously acquired RVs and photometry are better for

constraining and understanding stellar variability than when they are temporally distant.

The field of exoplanet science is consistently growing, and datasets with it. The same
techniques that were effective ten years ago will not be effective on the challenging targets of
today. To unravel the mysteries of exoplanet formation, evolution, and even more fundamental
questions of life on other planets, we must refine not only our instruments, but our techniques.
Multiple datasets can be utilized together to remove stellar variability, measure planet
parameters that were impossible with only one dataset, and fully understand the nature
of distant stellar systems. My studies on the combination of RV data, photometry, and
astrometry show that data must be utilized in concert, and my final studies on stellar activity
highlight the best ways to do so in the former datasets. The field still has a long way to
go before the capability to detect Earth-like planets, but I have contributed a rung to the

ladder that will eventually lead us there.
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Appendix A

Appendix for Chapter 2

A.1 Periodograms of Photometry and Activity Indicators

for TOI-2136

Due to the possibility of activity interfering with our RV measurements of TOI-2136, we
include plots of several activity indicators, as well as ZTF and ASAS-SN photometry. While

these data are mostly uninformative, we include them here for completeness.
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Figure A.1: Top: Scatterplot of HPF linewidths for TOI-2136. Bottom: GLS periodogram
of TOI-2136 linewidths, with the period of planet b highlighted in red. Periodicities in
linewidths can represent stellar variability, though we detect no significant periodicities in
the HPF linewidths.
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Figure A.2: Top: Scatterplot of the measured flux of the Calcium Infrared Triplet (Ca IRT)
of TOI-2136, taken with HPF. Bottom: GLS periodogram of the data. We detect marginally
strong periodicities at 4.88 days and 18.3 days, though neither seems related to the planet
period, or the rotation period of the system.
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Figure A.3: Top: Flux data of TOI-2136 taken using ASAS-SN [217]. Bottom: GLS

periodogram of the data. We detect no significant periodicities.
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Figure A.4: Top: Photometric data taken using ZTF [267], after it has been sigma clipped
for outliers. Bottom: GLS periodogram of the data. We detect a signifcant period at ~ 85
days which is probably associated with the rotation of the system.
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Appendix B

Appendix for Chapter 3

We include a corner plot of a few of our model parameters in Figure B.1.
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Figure B.1: We include a corner plot of a few key parameters generated during our joint
fit. At the top of each column is a histogram of each parameter’s values during the MCMC
process, marginalized over other parameters.
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Appendix C

Appendix for Chapter 4

We include a number of additional tables and figures in the appendix that may be of interest.

302



Figure C.1: Here we present an amusing rendition of the TOI-1136 system if each body in
the system were a duck or duckling, created by co-author Rae Holcomb. We encourage any
future promotions of work associated with TOI-1136 to use this graphic at their leisure.
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Figure C.2: Corner plot highlighting the mass fits to each planet in our adopted model. Blue
lines indicate the value reported in D23.
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Figure C.3: We include comparisons of the /e cosw and /e sinw posteriors for each planet
in the system. [34] predict that the argument of periastrons of neighboring planets should
be anti-aligned when in resonance. Planets in the TOI-1136 system seem to generally follow
this principle, a strong indicator that the system experienced Type-I migration.
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Appendix D

Appendix for Chapter 6

We include summary plots for each of our targets.
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Figure D.1: We include a variety of plots summarizing our training and analysis of Kepler-21.
Top Left: Kepler and TESS training data, as well as our best fit GP model overlaid. Top
Right: RV time series and training posteriors. Bottom: Results of our injection-recovery
analysis in the two cases described in §6.4. The left plots show the preference for models
including the injected planet when no GP training is applied. The middle two plots show
the improvements gained when training on Kepler or TESS. The rightmost plots highlight
the differences between Kepler and TESS training.
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Figure D.2: We include a variety of plots summarizing our training and analysis of Kepler-37.
Top Left: Kepler and TESS training data, as well as our best fit GP model overlaid. Top
Right: RV time series and training posteriors. Bottom: Results of our injection-recovery
analysis in the two cases described in §6.4. The left plots show the preference for models
including the injected planet when no GP training is applied. The middle two plots show
the improvements gained when training on Kepler or TESS. The rightmost plots highlight
the differences between Kepler and TESS trainnig.
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Figure D.3: We include a variety of plots summarizing our training and analysis of HD
4256. Top Left: K2 and TESS training data, as well as our best fit GP model overlaid. Top
Right: RV time series and training posteriors. Bottom: Results of our injection-recovery
analysis in the two cases described in §6.4. The left plots show the preference for models
including the injected planet when no GP training is applied. The middle two plots show
the improvements gained when training on K2 or TESS. The rightmost plots highlight the
differences between Kepler and TESS training.
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Figure D.4: We include a variety of plots summarizing our training and analysis of HD
31966. Top Left: K2 and TESS training data, as well as our best fit GP model overlaid. Top
Right: RV time series and training posteriors. Bottom: Results of our injection-recovery
analysis in the two cases described in §6.4. The left plots show the preference for models
including the injected planet when no GP training is applied. The middle two plots show
the improvements gained when training on K2 or TESS. The rightmost plots highlight the
differences between Kepler and TESS training.
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Figure D.5: We include a variety of plots summarizing our training and analysis of HD
24040. Top Left: K2 and TESS training data, as well as our best fit GP model overlaid. Top
Right: RV time series and training posteriors. Bottom: Results of our injection-recovery
analysis in the two cases described in §6.4. The left plots show the preference for models
including the injected planet when no GP training is applied. The middle two plots show
the improvements gained when training on K2 or TESS. The rightmost plots highlight the
differences between Kepler and TESS training.
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Figure D.6: We include a variety of plots summarizing our training and analysis of HD
106315. Top Left: K2 and TESS training data, as well as our best fit GP model overlaid.
Top Right: RV time series and training posteriors. Bottom: Results of our injection-recovery
analysis in the two cases described in §6.4. The left plots show the preference for models
including the injected planet when no GP training is applied. The middle two plots show
the improvements gained when training on K2 or TESS. The rightmost plots highlight the
differences between Kepler and TESS training.
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Figure D.7: We include a variety of plots summarizing our training and analysis of HD
119291. Top Left: K2 and TESS training data, as well as our best fit GP model overlaid.
Top Right: RV time series and training posteriors. Bottom: Results of our injection-recovery
analysis in the two cases described in §6.4. The left plots show the preference for models
including the injected planet when no GP training is applied. The middle two plots show
the improvements gained when training on K2 or TESS. The rightmost plots highlight the
differences between Kepler and TESS training.
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