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A window for seeing
A window for hearing
A window like an unending well

that ends deep in the heart of the earth
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and opens out into this expanse of recurring blue kindness

A window that overfills the tiny hands of loneliness

with its nightly gift: the perfume of generous stars

and thereof, one can invite the sun
to the alienation of geraniums

One window suffices me

— Window, Forough Farrokhzad

The high tower is a hundred feet tall

From here one’s hand could pluck the stars

I do not dare to speak in a loud voice

I fear to disturb the people in heaven
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— Staying the Night at a Mountain Temple, Li Bai
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ABSTRACT

Over the past three decades, we have discovered more than five thousand exoplanets
with astonishingly diverse sizes, orbital configurations, and compositions. This
broad range of characteristics underscores that most exoplanetary systems are unlike
the Solar System, thus challenging our preconceptions of how planets form and
evolve. The stars that exoplanets orbit hold clues to understanding their diversity. A
star and its planets are born from a single cloud of gas and dust, so planet properties

are intimately linked to those of the host star.

This thesis presents five studies that leverage observational techniques to characterize
exoplanet host stars, and subsequently illuminate the mechanisms underpinning
planet formation and evolution. In the first study, we modified a machine learning
framework (The Cannon, Ness et al., 2015) to measure iron abundances in cool
(<5200 K) dwarfs, the most common type of star in our galaxy. Our data-driven
approach circumvents the need for physical models, making it ideal for cool star
characterization. We tested our implementation with a sample of cool dwarfs that
have well-measured iron abundances from empirical methods, and achieved iron
abundance precisions of 0.08 dex. Iron is a proxy for the amount of protoplanetary
disk solids that can contribute to planet cores, so well-constrained iron abundances
are essential for vetting planet formation theories. Thus, our adaptation of The

Cannon is a valuable tool for examining planet formation in cool star systems.

In the second study, we utilized a Bayesian statistical framework to identify stellar
companions to planet host stars using astrometric data from the Gaia spacecraft,
which tracks the movements of stars. We constrained the angle of alignment between
the orbits of host stars and their companions, and found evidence for an excess of
misaligned close-in giant planet systems that can shed light on dynamical processes

(e.g., obliquity excitation) that shape planetary system architectures.

In the third study, we conducted a survey with the Keck High Resolution Echelle
Spectrometer (HIRES, R ~ 50,000) to investigate planet engulfment signatures
imprinted on host star compositions. We collected spectra for 36 planet host binary
systems, and measured the abundances of 15 elements in each star. Binaries are
excellent laboratories for probing planet engulfment because binary companions
share the same molecular birth cloud, and are thus born chemically homogeneous.

Planet-related processes can alter the birth compositions of each star in different



vii
ways, so binary differential abundances may bear the fingerprint of engulfment. We
did not identify any robust engulfment signatures, but did find a trend of increasing
abundance differences between companions as a function of binary separation. This
new result provides important context for investigations of planet formation that

utilize binary star chemistry.

The fourth study is a natural extension of the third, in which we used the stellar
evolution code MESA to quantify the strength and duration of refractory element
enhancements that constitute engulfment signatures. We found that engulfment
signatures are depleted by stellar interior mixing processes, with the depletion rate
affected by the amount of planetary mass engulfed, the properties (i.e., mass and
metallicity) of the engulfing star, and when the engulfment event occurred within
the lifetime of the system. We found that engulfment signatures remain observable
on short timescales (<2—3 Gyr) for all scenarios concerning solar-like stars, which
may explain the lack of robust engulfment detections in our Keck-HIRES survey of
binary systems. These results indicate that it may be difficult to observe engulfment

signatures in solar-like stars that are several Gyr old.

In the fifth and final study, we extended our elemental abundance methodology to the
17th data release of the Apache Point Observatory Galactic Evolution Experiment
(APOGEE DR17), which provides abundances for >650,000 stars that span the en-
tirety of our galaxy. We used the APOGEE DR17 sample to quantify the abundance
precision needed for discerning large-scale abundance patterns related to planet
formation (<0.04 dex)—valuable information for investigating planet formation and

evolution via stellar compositions on a galactic scale.
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Chapter 1

INTRODUCTION

1.1 The Star-Planet Connection

Nearly three decades have passed since the first exoplanet discovery (Mayor and
Queloz, 1995), and the count of confirmed exoplanets has now surpassed five
thousand. This huge planetary census has shown us that most exoplanetary systems
exhibit properties that diverge from those of the Solar System (Figure 1.1), indicating
that the mechanisms underlying planet formation and evolution are much more

complex than previously thought.

Because planets and the stars they orbit are born from the same cloud of gas and dust,
the chemical and dynamical conditions of planet formation are intimately linked to
the attributes of host stars. This planet-star connection is considered so essential
that it has given rise to the phrase, “know thy star, know thy planet”!, and has been
leveraged in landmark studies to shed light on planet formation. For example, it
is well established that planet occurrence increases around host stars with higher
amounts of iron (e.g., Gonzalez 1997; Heiter and Luck 2003; Santos, Israelian, and
Mayor 2004; Fischer and Valenti 2005; Johnson et al. 2010) (Figure 1.2). This
“planet-metallicity” correlation grows stronger with increasing planet mass/radius
(e.g., Sousa et al. 2008; Schlaufman and Laughlin 2011; Buchhave and Latham
2015; Wang, Fischer, Horch, et al. 2015). Because iron is regarded as a proxy for
the solid content of protoplanetary disks, this indicates that large amounts of solid,
rocky material facilitate rapid growth of massive planetary cores, which enables
accretion of substantial gaseous envelopes. Thus, the planet-metallicity correlation
constitutes strong evidence for the core accretion model of planet formation (Rice
and Armitage, 2003; Ida and Lin, 2004; Alibert, Mordasini, and Benz, 2011;
Mordasini et al., 2012; Maldonado et al., 2019).

Stellar abundances of elements beyond iron can also yield insights into planet for-
mation by constraining formation locations and interior compositions. For example,
comparing abundance ratios of volatile elements such as C/O in host star versus
planetary atmospheres can reveal where planets formed in relation to relevant ice

lines (e.g., CO, CO,, H,0) within protoplanetary disks (Oberg, Murray-Clay, and

'https://www.nasa.gov/feature/ames/kepler/know-thy-star-know-thy-planet
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Figure 1.1: The distribution of masses and orbital periods of known planets from
the Exoplanet Archive (Akeson et al., 2013).

Bergin, 2011). This can illuminate system dynamical histories; if planets are located
far from their likely formation areas, they may have undergone migration. Host star
C/O can also indicate if rocky planet interiors are composed of carbonates or sil-
icates. In the latter case, refractory element abundance ratios such as Mg/Si can
further characterize the silicate mineralogy, e.g., pyroxene versus olivine-dominated
minerals (Grevesse, Asplund, and Sauval, 2007; Carter-Bond et al., 2012; Brewer
and Fischer, 2017).

Planetary system dynamical evolution is also shaped by the presence of stellar com-
panions to host stars. Stellar companions can perturb the structures of protoplanetary
disks and induce misalignment between planetary orbits and the spin-axes of host
stars (Wu, Murray, and Ramsahai, 2007; Batygin, 2012; Storch, Anderson, and
Lai, 2014). Companions can also shorten disk lifetimes, thereby suppressing planet
formation (e.g., Jang-Condell, Mugrauer, and Schmidt 2008). Once the disk has
dissipated, companions can then excite the orbits of existing planets by driving them
to high eccentricities, leading to planet migration or even ejection from the system

(e.g., Kaib, Raymond, and Duncan 2013; Naoz 2016). Some observational studies
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Figure 1.2: The planet fraction (f = Nplanets/Nstars) as a function of host star metal-
licity for the Johnson et al. (2010) stellar sample (gray histogram). The red filled
circles show the planet fraction for the masses and metallicities of the stars in each
bin. The blue open diamonds show the best-fitting relationship between planet frac-
tion and stellar metallicity assuming solar-mass stars. Figure from Johnson et al.
(2010).

have reported that close binary companions are less common for planet-hosting stars
in the Kepler field (e.g., Wang, Fischer, Xie, et al. 2014; Kraus et al. 2016), but
others are less conclusive (e.g., Horch et al. 2014; Matson et al. 2018). Recently,
Moe and Kratter (2021) combined various observational surveys to consistently
characterize the stellar multiplicity of Kepler planet hosts. They found comparable
occurrence rates for planets in wide (>200 AU separation) binaries and single star
systems, and a much lower planet occurrence rate for close (<1 AU) binary systems.
However, the effect of these stellar companions on planetary orbital evolution is less
well-understood. For example, observations of misaligned hot Jupiters have not
uncovered correlations between orbit misalignment and the presence of a directly
imaged stellar companion (Ngo et al., 2015). Nearly half of solar-like stars harbor

stellar companions (Raghavan et al., 2010), so understanding how companions affect



planet formation is vital for fully understanding the star-planet connection.
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Figure 1.3: The differential abundance measurements between HD 240430 (Kronos)
and HD 240429 (Krios) (blue circles). The abundance differences between the two
stars (Kronos—Krios) indicate engulfment of rocky planetary material by the star
Kronos. Figure from Oh et al. (2018).

Stellar companions are also vital for examining planet formation processes that alter
host star chemistry. Host stars and their stellar companions, or “siblings”, are born
chemically homogeneous by virtue of sharing the same parent molecular cloud (e.g.,
De Silva, Freeman, Asplund, et al. 2007; De Silva, Freeman, and Bland-Hawthorn
2009; Bland-Hawthorn, Krumholz, and Freeman 2010). However, the process of
planet formation can alter the birth compositions of each star in different ways,
so differential abundances between stellar companions may bear the fingerprint
of planet formation. For example, differential abundance patterns that decrease
with element condensation temperature 7, (the temperature at which an element
sublimates from the solid to gas phase) may indicate depletion of rocky, planet core-
forming material. The Sun exhibits a subtle depletion of rocky material compared
to >80% of 79 solar twins (Bedell et al., 2018); how this is related to the formation
of our own Solar System (e.g., late-stage accretion of planetary material, accretion
of dust-depleted gas after planet formation) has yet to be understood (e.g., Ramirez
etal. 2011; Oh et al. 2018; Booth and Owen 2020). Conversely, abundance patterns
that increase according to 7, indicate rocky enrichment, potentially from ingestion
of planetary material. There are several observations of 7, enrichment patterns

reported in the literature that appear to indicate planet engulfment, notably HD
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240429-30 (Oh et al. 2018, Figure 1.3). In general, observational investigations of

stars with similar bulk metal content find that their detailed elemental abundance
patterns vary substantially (e.g., Adibekyan et al. 2012; Bensby, Feltzing, and Oey
2014; Brewer, Fischer, et al. 2016). This suggests that host star compositions are
altered by a wide range of chemical/dynamical processes that sculpt the observed

population of planetary systems.

1.2 High Resolution Spectroscopy

High resolution spectroscopy (R > 10,000) is one of the most powerful tools available
for characterizing planet host stars. Spectra at these resolution levels are capable of
resolving individual absorption lines for measuring stellar elemental abundances to
high precision (typical uncertainties of <0.1 dex?, e.g., Asplund et al. 2009; Brewer
and Fischer 2018). There are various methods for deriving elemental abundances
from stellar spectra. One common technique relies on modeling stellar spectra
by constructing model stellar photospheres, then modeling the radiative transfer of
photos as they pass through those photospheres. Spectral synthesis codes like SME
(Valenti and Piskunov, 1996) and MOOG Sneden, 1973 can generate such synthetic
spectra and match them to their observational counterparts. Unfortunately, stellar
models become less reliable as stellar spectral types diverge from solar, particularly
for cooler stars of type K4 and later whose spectra include molecular transitions with
unconstrained quantum properties (e.g., Yee, Petigura, and von Braun 2017). Other
commonly used methods involve empirical relations between equivalent width (EW)
measurements of certain spectral lines and other stellar parameters, but so far they
only measure the abundances of Fe and Ti (e.g., Mann et al. 2014; Newton, Charbon-
neau, Irwin, Berta-Thompson, et al. 2014; Newton, Charbonneau, Irwin, and Mann
2015; Veyette et al. 2017). Other methods include data-driven approaches, such as
The Cannon (Ness et al., 2015), which uses training sets of spectra from stars with
well-constrained elemental abundances to construct models that predict abundances
from new spectra. Such data-driven methods are automated and not dependent on
stellar models, making them valuable options for measuring abundances of large
stellar samples that diverge from solar spectral types. All of these methods generally
require stellar spectra with R > 10,000. Once measured, host star abundances can
be used to constrain the chemistry of planet-forming environments, and/or elucidate

planet formation processes that may alter host star chemistry beyond primordial

’In this work, we adopt the standard “bracket” chemical abundance notation [X/H] = A(X) -
A(X)o, where A(X) = log(nx/nyg) + 12 and nx is the number density of species X in the star’s
photosphere.
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compositions (e.g., Ramirez et al. 2011; Mack et al. 2014; Biazzo et al. 2015; Teske,
Khanal, and Ramirez 2016; Saffe et al. 2017; Tucci Maia et al. 2019; Jofré et al.
2021).

Much of the work in this thesis makes use of the High Resolution Echelle Spectrom-
eter (HIRES) on the Keck I 10 m telescope (Vogt et al., 1994). The Keck-HIRES
resolution of R ~ 50,000 enables stellar abundance measurements at precisions of
0.01-0.05 dex for various refractory and volatile elements at typical signal-to-noise
levels of SNR > 40/pixel (Brewer and Fischer, 2018). These abundance uncertain-
ties are smaller than the upper end of chemical dispersion observed in stellar clusters
and associations (~0.05 dex, e.g., Bovy 2016), making it possible to tease out chem-
ical signatures of planet formation in host stars from comparison with their stellar
companions (i.e., “siblings”). Surveys carried out with Keck-HIRES can be used to
individually target stars for measuring stellar parameters and elemental abundances
(see Chapters 1 and 3). However, carrying out observations for large stellar samples
is not feasible with instruments like Keck-HIRES, and instead require large-scale

spectroscopic surveys.

1.3 Large Stellar Surveys

Luckily, large-scale stellar surveys are becoming increasingly common. These sur-
veys are motivated by studies of galactic evolution which rely heavily upon under-
standing the nature of our own galaxy. Thus, they are extensive and homogeneous
chemodynamical surveys that span all regions of the Milky Way. They include
the Large Sky Area Multi-Object Fibre Spectroscopic Telescope (LAMOST, Zhao
et al. 2012) survey, the GALactic Archaeology with HERMES (GALAH, Buder
et al. 2018) survey, and the Sloan Digital Sky Survey’s Apache Point Observatory
Galactic Evolution Experiment (APOGEE, Majewski et al. 2017), to name a few.
Because these large-scale spectroscopic surveys provide high-precision elemental
abundances for large stellar samples, they are valuable tools for examining the
chemistry of planet formation. For example, the LAMOST-Kepler project seeks to
observe as many stars as possible in the Kepler field to construct a large, unbiased
sample that can be used for population studies of planet host stars (De Cat et al.,
2015; Ren et al., 2016; Fu et al., 2020). Dong et al. (2018) used the LAMOST-
Kepler project to examine the distribution of short-period (P < 10 days) Kepler
planets as a function of host star metallicity, and discovered a population of close-in
Neptune-sized planets that, like hot Jupiters, occur more frequently around metal-

rich hosts. The LAMOST-Kepler catalog has since been expanded to include data
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from the Gaia mission, and was used by Chen, Xie, Zhou, Dong, et al. (2021)
to examine planet multiplicity across different galactic populations. They found
that the fraction of thin-to-thick disk stars (classified via kinematic properties and
metallicity) increases/decreases with transiting planet multiplicity. In a follow-up
paper, Chen, Xie, Zhou, Yang, et al. (2022) investigated the “radius valley” that
separates super-Earths and sub-Neptunes (Fulton et al., 2017), and found that valley
morphology varies as a function of iron and a-element abundance (e.g., Mg, Si, Ca,
Ti). The GALAH survey provides abundances for elements beyond iron, measured
with the spectral synthesis pipeline SME. Clark, Clerté, et al. (2021) and Clark,
Wright, et al. (2022) used GALAH to examine the detailed chemical properties of
TESS planet host stars, and tag planet hosts to thin vs. thick disk populations via

their chemokinetic properties.

The APOGEE survey presents the largest (>650,000 stars, Abdurro’uf et al. 2022)
spectroscopic catalog yet that includes abundance measurements for a wide set of
elements beyond iron. APOGEE provides high resolution (R ~ 22,500) and high
signal-to-noise ratio (S/N > 100) spectroscopy, with abundances measured by its
accompanying Automated Stellar Parameters and Chemical Abundances Pipeline
(ASPCAP, Garcia Pérez et al. 2016). Wilson, Teske, et al. (2018) used APOGEE
DR14 to examine the metallicity distribution of Kepler Objects of Interest (KOlIs),
and found a correlation between orbital period and host star [Fe/H] characterized
by a critical period (P = 8.3 + 0.1 days) below which small planets systematically
orbit more metal-rich stars. In a follow-up paper, Wilson, Cafas, et al. (2022)
examined correlations between planet occurrence and APOGEE abundances of
elements beyond iron, and found that higher abundances of any refractory elements
correspond to enhanced planet occurrence, but the correlations weaken as a function
of increasing orbital period and decreasing planet radii. Additionally, as described
in Chapter 6, Nibauer et al. (2021) used APOGEE DR16 to examine abundance
trends of solar analog stars, and found evidence for two distinct populations of
stars—one with abundance vs. T, trends similar to that of the Sun, and another
with abundance trends that increase with 7,.. Such trends may be linked to planet
formation, indicating that large stellar surveys like APOGEE could provide a means
to examine chemical abundance patterns of planet hosts stars across the Milky Way.
We utilized APOGEE DR17 in the final project of this thesis, presented in Chapter
6.
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Chapter 2
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Abstract

The advent of large-scale spectroscopic surveys underscores the need to develop ro-
bust techniques for determining stellar properties (‘“labels”, i.e., physical parameters
and elemental abundances). However, traditional spectroscopic methods that utilize
stellar models struggle to reproduce cool (<4700 K) stellar atmospheres due to an
abundance of unconstrained molecular transitions, making modeling via synthetic
spectral libraries difficult. Because small, cool stars such as K and M dwarfs are
both common and good targets for finding small, cool planets, establishing precise
spectral modeling techniques for these stars is of high priority. To address this, we
apply The Cannon, a data-driven method of determining stellar labels, to Keck High
Resolution Echelle Spectrometer (HIRES) spectra of 141 cool (<5200 K) stars from
the California Planet Search. Our implementation is capable of predicting labels
for small (<1 Rg) stars of spectral types K and later with accuracies of 68 K in ef-
fective temperature (T.¢), 5% in stellar radius (R,), and 0.08 dex in bulk metallicity
([Fe/H]), and maintains this performance at low spectral resolutions (R < 5000). As
M-dwarfs are the focus of many future planet-detection surveys, this work can aid
efforts to better characterize the cool star population and uncover correlations be-
tween cool star abundances and planet occurrence for constraining planet formation

theories.

2.1 Introduction

Precise determination of stellar properties (e.g., masses, radii, effective tempera-
tures, elemental abundances) is a challenging, yet essential component of stellar
and planetary astrophysics. Accurate measurements of masses (M), radii (R.), and

temperatures (Tf) are crucial for vetting models of stellar structure and evolution,
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and the chemical compositions of stellar photospheres reflect formation histories
and can link stars to their parent molecular clouds, providing a window into galactic
chemical evolution. The burgeoning field of exoplanets also calls for robust meth-
ods of determining stellar properties as characterization of planets is predicated on

thorough characterization of their stellar hosts.

Stellar spectroscopy has a rich history, beginning with Annie Jump Cannon and
her colleagues at Harvard College Observatory who developed the current stellar
classification system based upon visual inspection of spectral features. Modern spec-
troscopic methods involve matching information-rich portions of empirical spectra
to benchmark or synthetic spectra generated from model stellar photospheres. Two
commonly-used spectral modeling tools are SME and MOOG (Valenti and Piskunov,
1996; Sneden, 1973), both of which have undergone significant evolution since their
inception (e.g., Valenti and Fischer 2005; Valenti, Fischer, et al. 2009; Deen 2013;
Brewer, Fischer, Basu, et al. 2015; Piskunov and Valenti 2017). However, current
model photospheres are limited by an incomplete knowledge of the physics behind
stellar attributes; they suffer from poorly constrained atomic and molecular opacities,
often assume local thermodynamic equilibrium (LTE), and inaccurately model dy-
namical effects such as convection or stellar winds, if at all. While three-dimensional
hydrodynamic models have been created that allow for non-LTE conditions, they
still suffer from the other aforementioned drawbacks and are computationally expen-
sive. Laboratory studies have refined atomic and molecular data and improved line
lists, but departures from solar type atmospheres still present significant modeling

challenges.

Stars of spectral types K4 (Teg < 4700 K) and later are particularly difficult to model
with synthetic spectral techniques as their optical and NIR spectra feature dense
clusters of molecular lines that lack reliable opacity data. In the optical regions
of K and M dwarf spectra, TiO and VO bands are prominent, as well as hydride
bands such as MgH, CaH, and FeH. The NIR regions of M dwarf spectra often
feature H,O (e.g., Rojas-Ayala et al. 2012). Characterization of late-type stars such
as M dwarfs is important because they are common, representing ~75% of stars
in the solar neighborhood (Henry et al., 2006). Small, cool stars are also popular
targets for exoplanet surveys as their low M, and R, result in deeper transit signals
and larger Doppler shifts, increasing the probability of detecting and characterizing

small planets.

Empirical methods offer alternative routes for predicting K and M dwarf parameters



18

and abundances. Common proper motion pairs of M dwarfs and F-, G-, K-type
stars of known metallicities ([Fe/H]) can be used to calibrate M dwarf metallicities
with equivalent widths (EWs) of NIR spectral features (Newton, Charbonneau,
Irwin, Berta-Thompson, et al., 2014; Mann, Deacon, et al., 2014). Similarly,
temperatures (T.g) and stellar radii (R.) can be calibrated with EWs of K and M
dwarf NIR spectra (Newton, Charbonneau, Irwin, and Mann, 2015), and parallaxes
can provide further constraints on stellar properties (Mann, Feiden, et al., 2015;
Mann, Dupuy, et al., 2017). Empirical as opposed to synthetic spectral libraries
composed of touchstone stars with well-measured properties are also capable of
predicting accurate parameters for stars of mid-K spectral types and later (Yee,

Petigura, and von Braun, 2017).

Another promising method for modeling cool stars is offered by The Cannon, a data-
driven approach to modeling spectroscopic data (Ness et al., 2015). In brief, The
Cannon predicts stellar parameters and elemental abundances from spectroscopic
data via a two-step process: a “training step” where the spectra for a set of reference
objects with well-determined parameters and/or abundances are used to construct
a predictive model of the flux, and a “test step” where the model is used to infer
those of objects given their spectra. Unlike traditional spectroscopic modeling
methods, The Cannon makes no use of physical stellar models, and does not require
an accompanying library of synthetic spectra for reference. Here, we modify The
Cannon to optimize parameter and elemental abundance predictions for K and M
dwarfs with HIRES spectra.

Throughout this work, we refer to stellar parameters and elemental abundances (7,
R., and [Fe/H]) as “labels” to be consistent with previous literature on The Cannon
(e.g., Ness et al. 2015; Casey et al. 2016; Ho et al. 2017) and to adhere to machine
learning/supervised methods terminology. We evaluate The Cannon’s ability to
predict stellar labels in our cool star sample with cross-validation experiments.
Cross-validation was carried out by dividing a reference set of cool stars with well-
determined labels into training and validation sets. The reference set is pulled from
a library compiled by Yee, Petigura, and von Braun (2017) (see Section 2.2 for more
details). Performance was evaluated by examining how well Cannon-predicted
labels for the validation set matched those reported in the library. In Section 2.3,
we present The Cannon, and outline our implementation and its performance on our
cool star sample in Section 2.4. We find that The Cannon can predict labels with
precisions of 68 K in T, 5% in R,, and 0.08 in [Fe/H] (dex). Discussion of the
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results is presented in Section 2.5.

2.2 Cool Star Sample

Our spectral library was compiled by Yee, Petigura, and von Braun (2017) and
consists of 404 touchstone stars originating from several source catalogs that span
the spectral types ~M5-F1 (Teq =~ 3000-7000 K, R, = 0.1-16 R¢) (Figure 2.1). The
stars have spectra obtained from HIRES at the Keck-1 10-m telescope (Vogt et al.,
1994) as part of the California Planet Search (CPS). For more details on CPS, see
Howard et al. (2010). The HIRES spectra are high-resolution (R ~ 60,000) and
high signal-to-noise (S/N > 40/pixel, with ~80% having S/N > 100/pixel). The
spectra originate from the middle HIRES detector CCD chip and contain 16 spectral
orders. The HIRES blaze function has been removed and the spectra registered onto
a common wavelength scale (1 = 4990-6410 A) uniform in AlogA to ensure that
linear velocity shifts correspond to linear pixel shifts (Yee, Petigura, and von Braun,
2017). We confined the wavelength range to 13 orders (1 = 4990-6095 A) to avoid
redder portions of the middle HIRES CCD chip that are more affected by tellurics.

To isolate a cool star sample composed of K and M dwarfs, we employed radius and
temperature cuts of T.g <5200 K and R, < 1 Ry, leaving 141 stars. These cool stars
are primarily drawn from the catalog described in Mann, Feiden, et al. (2015) with
T, R., and [Fe/H] determined from a combination of spectrophotometry, SED
modeling, Gaia parallaxes, and EW empirical relations (quoted uncertainties of 60
K, 3.8%, and 0.08 dex, respectively). A smaller subset originate from the catalog
compiled by von Braun et al. (2014), and have interferometrically-determined R.
(quoted uncertainties of <5%). Many of the early K dwarfs in the sample have
T.g¢ and [Fe/H] determined from LTE spectral synthesis carried out by Brewer,
Fischer, Valenti, et al. (2016) with SME (quoted uncertainties of 60 K and 0.05
dex, respectively), while the sample mid to late K dwarfs have T.¢, R., and [Fe/H]
determined from a combination of spectrophotometry, SED modeling, parallaxes,
and SME analysis carried out by Yee, Petigura, and von Braun (2017) (quoted
uncertainties of 5%, 7.4%, and 0.1 dex, respectively). Because most of these
catalogs do not provide a complete set of T, R., and [Fe/H] values, Yee, Petigura,
and von Braun (2017) conducted an isochrone analysis using Dartmouth stellar
models (Dotter et al., 2008) to obtain a homogeneous label set, and took uncertainties
as the 5th and 95th percentiles of the MCMC distributions that resulted from fitting
to the stellar model grids. For more details on any of the library catalogs or the

isochrone analysis procedure, see Yee, Petigura, and von Braun (2017).
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Figure 2.1: The domain of T.g, R., and [Fe/H] for our reference sample of 141 cool
stars pulled from the library outlined in Yee, Petigura, and von Braun (2017). The
cool stars have temperatures and radii that satisfy 7o < 5200 K and R, < 1 Rp.

2.3 The Cannon

Preparing HIRES spectra for The Cannon

To prepare the spectral library for The Cannon, we must ensure that the spectra
satisfy certain conditions; the spectra must share a common wavelength grid, be
shifted onto the rest wavelength frame, share a common line-spread function, and
be continuum-normalized via a method independent of S/N (Ness et al., 2015). The
first two conditions are already satisfied for the library spectra, and we can assume
that they effectively share a line-spread function, though there may be negligible
variation due to variable observation seeing conditions. To carry out normalization,

we applied error-weighted, broad Gaussian smoothing with

i} X (fio;?w;(40))

Ap) = , 2.1
S Sy D

where f; is the flux at pixel j of the wavelength range, o; is the uncertainty at pixel
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Figure 2.2: HIRES spectrum of a reference sample star (HD100623) before and
after normalization. The top panel shows the pre-normalized spectrum overlaid
with the Gaussian-smoothed version of itself in red, while the bottom panel shows
the normalized spectrum after the Gaussian-smoothed signal was divided out. The
displayed wavelength region (1 = 5400-5600 A) is a subset of the full wavelength
range and was chosen for better visualization of the spectrum and accompanying
Gaussian-smoothed curve.

J» and the weight w;(Ap) is drawn from a Gaussian:

(/1()—/11')2

wi(dg)=e 2, (2.2)

where L was chosen to be 3 A. If larger L values are chosen for HIRES spectra,
continuum-normalization begins to remove high resolution features. For reference,
Ho et al. (2017) used a width of L = 50 A to normalize low-resolution Large Sky
Area Multi-Object Fibre Spectroscopic Telescope (LAMOST) spectra (R ~ 1800).

The Gaussian smoothing procedure is illustrated in Figure 2.2.

Training Step

We used The Cannon 2, the second implementation of The Cannon developed by
Casey et al. (2016). Hereafter, we will refer to The Cannon 2 simply as The Cannon.
This version builds upon the original with additional features that are designed to
aid prediction of a larger label set including elemental abundances that go beyond

bulk metallicity ([Fe/H]), such as regularization.
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As outlined in Section 2.1, in the training step, The Cannon uses a set of reference
objects with well-determined labels to construct a predictive model of the flux at
every pixel of the wavelength range that is a function of the stellar labels. Model
construction is based on two assumptions: that continuum-normalized spectra with
identical labels look identical at every pixel, and that the flux at every pixel in
a spectrum changes continuously as a function of the stellar labels. While The
Cannon can be trained on any set of empirical spectra and their labels, the resultant
model will only be capable of predicting labels for spectra with properties that are
represented in the training set. In other words, The Cannon is not able to accurately
extrapolate outside the training set parameter space, so the training set spectra must
be representative of the test set spectra in order to predict accurate label values. It
is also important to note that the Cannon-predicted labels will only be as accurate

as those of the training set.

The flux model f;, for a spectrum 7 at pixel j can be written as

fin=v,)-0j+ej,, (2.3)

where 6; is the set of spectral model coefficients at each pixel j and v(/,) is a
function of the label list /,, that is unique for each spectrum n. The function v(/,) is
referred to as the “vectorizer” which can accommodate functions that are linear in
the coefficients 6 ;, but not necessarily simple polynomial expansions of the label list
[,. The noise term is described by e, and can be taken as sampled from a Gaussian
with zero mean and variance 0'12” + s? where O'}n is the uncertainty reported on the
input HIRES spectra (flux variance) and s? is the intrinsic scatter of the model at
each pixel j. This intrinsic scatter can be likened to the expected deviation of the

model from the spectrum at j.

To determine the optimal model labels (6 j,si), we can relate the flux model to a

single-pixel log-likelihood function:

[f]n - v(l,) '0]2
lnp(.f]Il'ejav(ll’l),S?) == 2 2 -
O-jn + Sj

In(o7, +57) — AQ(8)., (2.4)

where A is a regularization parameter and Q() is a regularizing function that

encourages the model coeflicients ; to take on zero values, resulting in a simpler
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model that is less prone to overfitting. In the case of L1 regularization implemented

within The Cannon, the regularizing function takes the form

J-1
o) =) 16)l. 2.5)
Jj=0

L1 regularization was chosen because The Cannon is designed for predicting large
sets of elemental abundances, and it is reasonable to assume that only one or a few
elemental abundances will affect the flux at a single pixel of the wavelength range.

For more details on regularization or the model itself, see (Casey et al., 2016).

In the training step, the log-likelihood is maximized via the Broyden-Fletcher-
Goldfarb-Shanno (BFGS) algorithm to derive the best-fit model coefficients ; and

intrinsic scatter s?:

N-1

0;, 52 «— a rgmax Z Inp(finl@;,v(l,), sH|. (2.6)
J e,Sj =0

Plugging in the explicit form of the log-likelihood (Equation 2.4) leads to

J

[’il_[f,n—v(zn) 6]

0_2 2

0]-,sZT — argmax
/] 4+ 854
jn 0

<
’j n=0

N-1
- Z In(c?, +5%) — AQ(9)|. 2.7)
=0

n

Test Step
In the test step, we set the model labels (8 J-,s?) to the optimized values determined
during the training step at every pixel j, and fit for the label list /,, for each star n

that minimizes the log-likelihood:

J-1 2
[fjn - v(ln) : 0]
l, < argmin - 3 5 . (2.8)
Iy []Z::o Tin + ) ]

Optimization of the log-likelihood in the test step is carried out via weighted least

squares.
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Figure 2.3: Synthetic spectra generated via SpecMatch-Syn under the same 7,
logg, and [Fe/H] conditions (7Teg = 4000 K, logg = 4.5 cm s72, [Fe/H] = 0.2 dex)
but with varying amounts of additional broadening. From top to bottom, the spectra
have vsini = 0-10 km s~! in increments of +2 km s~

2.4 The Cannon Performance

Building Intuition with Synthetic Spectra

Before running The Cannon on our cool star sample, we sought to establish a
measure of baseline performance. We did this by constructing a sample of synthetic
spectra that mimics the cool star sample: 141 “stars” with the same label values as
the true cool sample. Because the labels of the synthetic spectra, by definition, lack
uncertainty, they can provide a sense of how well The Cannon performs under perfect
conditions. The synthetic spectra are generated from the publicly-available code
SpecMatch-Syn which fits five regions of optical spectra by interpolating within a
grid of model spectra from the library described in Coelho et al. (2005). For more
details on SpecMatch-Syn, see Petigura (2015). See Figure 2.3 for examples of

synthetic spectra.

We tested the validity of Cannon-predicted labels through a bootstrap leave-one-out
cross-validation scheme where we trained the spectral model on all objects in the
synthetic spectral sample but one, and predicted labels for the object that was left
out. We carried out this scheme iteratively to pass through the entire sample and
predict labels for every object. Following the work of Ness et al. (2015) and Casey
etal. (2016), we began with a spectral model in which the label list /, was quadratic

in the labels, resulting in the following label list:

ln = [I’Teff’ R*’ [Fe/H]9Tezﬂ-" Teff * R*’

(2.9)
Toi - [Fe/H],R%, R, - [Fe/H]|, [Fe/H|?],

where 1, the first element in the label list, is there to allow for a linear offset in the
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fitting (Ness et al., 2015). We found that modeling the projected rotational velocity
vsini as a fitted-for parameter in addition to T.g, R., and [Fe/H] resulted in more
accurate labels predictions; a second order model without vsini achieves accuracies
of 40 K in T, 13% in R., and 0.06 dex in [Fe/H], while a second order model with

vsini achieves accuracies of 32 K in Tf, 13% in R., and 0.03 dex in [Fe/H].

Using a third order rather than second order (quadratic-in-label) model with vsini
further improves label predictions; a third order model achieves accuracies of 22 K
in Tefr, 8% in R,, and 0.03 dex in [Fe/H]. Thus, these tests with synthetic spectra
motivate a third order Cannon model with vsini included as a label. The third order
model results in a label list composed of additional third order cross terms, bringing

the total number of terms up to 20.

Cool Star Sample

To run The Cannon on the cool star sample, we employed the same bootstrap leave-
one-out cross-validation scheme. As in the case of synthetic spectra, the cool star
HIRES spectra are best described by a third order model, which is unsurprising
given their resolution of R = 60,000 (~3 times the resolution of APOGEE spectra).
The more flexible model may also better-describe our more diverse training set,
composed of stars with a wider 7. range (APOGEE stars are confined to Teg =
3500-5500 K). A third order model fitting for 7eg, R, and [Fe/H] achieves precisions
of 80 K in Teg, 6% in R,, and 0.1 dex in [Fe/H].

We found that The Cannon predicted anomalously poor label values for one source
(GL896A). Upon inspection, we found that the spectrum of GL896A exhibits sig-
nificantly broader features than any other source in our sample. Because GL896A is
not well-represented in the training set, The Cannon is unable to construct a model
that well-describes GL896A (Figure 2.5, top panel). While such fast rotators are
rare amongst K and M dwarfs, the presence of this target indicates that our im-
plementation of The Cannon must still take them into consideration. We modified
our implementation by augmenting and diversifying the training set; we created x
copies of each spectrum in the cool star sample (exploring different values of x
to see which resulted in the best performance), and applied differential values of
artificial broadening to simulate faster stellar rotation. Artificial broadening was
carried out by convolving the spectra with a rotational-macroturbulent broadening
kernel described in Hirano et al. (2011).

In order for this scheme to work, vsini must be specified as a fitted-for label as in the



26

tests with synthetic spectra. This is problematic because more than half of the cool
stars do not have reported vsini values. We dealt with this by assigning all sources
in the augmented sample a new label that describes general broadening, taken to be
the FWHM of a Gaussian fitted to the spectral autocorrelation peaks (Figure 2.4).
This resulted in better flux predictions for the spectrum of GL896A (Figure 2.5),
and better label predictions overall. The most precise labels are achieved when the
cool star sample is augmented by x = 5 (5 copies generated for each spectrum), and
the copies are artificially broadened by 0-5 km s~! as the cool star sample does not
appear to include any significantly rapid rotators (vsini > 5 km s~!'). We ultimately
achieved precisions of 68 K in T, 5% in R., and 0.08 dex in [Fe/H], and verified
that these label predictions vary within the reported precisions for different Cannon
runs. While it may seem surprising that The Cannon achieves better predictions
in R, for empirical spectra compared to synthetic spectra (5% versus 8% in R,), it
should be noted that the synthetic spectra may not accurately reflect the input R.
values as a conversion to logg was required, which in turn required M... We do not
have M, values for the cool star sample, and instead assumed a linear relationship
between R, and M. (M./My = R./Rg) to obtain mass estimates. This is a valid

approximation for the main sequence, but is not perfect.

Because of the large number of terms in our model, we considered overfitting to be
a potential issue. That is, overly precise modeling of the training set flux may lead
to less accurate label predictions. To address this, we added regularization to our
Cannon model and assessed whether label prediction improved. We explored a grid
of regularization strengths from A = 107% to A = 10? uniform in log space. We
found that no matter the regularization strength, adding regularization to the model
always resulted in less precise label predictions. It is possible that regularization
does not lead to better predictions for the 3 labels (T.¢, R., [Fe/H]) we are considering
because all of these labels affect the flux at each wavelength point. Thus, we do
not benefit from regularization that encourages sparsity (L1, encourages the model
coeflicients to go to zero). L1 regularization may lead to better label predictions
if we expand our label set to include elemental abundances, but that is beyond the

scope of this study.

Performance at Low S/N
To investigate the effect of photon shot noise on the precision of label predictions
made with The Cannon, we carried out the same procedure employed by Yee, Pe-

tigura, and von Braun (2017) for the empirical spectroscopic tool SpecMatch-Emp;
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Figure 2.4: The autocorrelation functions of spectra displayed in Figure 2.3, marked
in dotted lines. The overlaid Gaussian fits are displayed in dashed lines.

we isolated a subset of 20 stars from the cool star sample with S/N > 160/pixel and
degraded their spectra by injecting Gaussian noise to simulate target S/N values of
120, 100, 80, 60, 40, 20, and 10 per pixel. We generated 20 S/N-degraded spectra
for each spectrum in the subset and S/N target value, then compared the precision of
the Cannon label predictions for the degraded spectra with those of the original S/N
> 160/pixel spectra, which we took as ground truth. The results are summarized in

Figure 2.7.

As expected, lower S/N leads to larger median scatter in label predictions made
with The Cannon. However, the median scatter at S/N = 10/pixel is still low, with
3.5 K in T, 0.4% in R., and 0.006 dex in [Fe/H]. This demonstrates that The
Cannon is quite robust, even at low S/N values. This performance is better than that
achieved by SpecMatch-Emp, which has median scatter values at S/N = 10/pixel of
10.4 K in Teq, 1.7 % in R,, and 0.008 dex in [Fe/H] (Yee, Petigura, and von Braun,
2017), though it should be noted that SpecMatch-Emp conducted this test with stars
spanning the HR diagram while our sample is T.g-limited.

Motivated by the small observed scatter in [Fe/H], we attempted to estimate the min-
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Figure 2.5: The spectrum of GL896A overlaid with the Cannon model before
augmenting the library with broadened copies of the spectra (top), and after (bottom).
The true spectrum is plotted in black while the Cannon models are plotted in blue.

imum change in [Fe/H] that is theoretically detectable. To do so, we considered the
difference between two spectra corresponding to stars with slightly different metal-
licities (A[Fe/H]). We defined a quantity S that relates three quantities: A[Fe/H];
the derivative of the spectrum with changing metallicity, 6 f /5[ Fe/H]; and the flux
uncertainty oy. S can be thought of as analogous to S/N. For the jth pixel, the

relation is

((S[L)jA[Fe/H]

Fe/H

S = e/H] (2.10)

9f.j

This equation can be rewritten as
of
(5[F /H]) AlFe/H]

o ,

S; = : : @2.11)

ci{oy)
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Figure 2.6: Comparison of the cool star sample library labels with the Cannon-

predicted labels (Zef,

R., [Fe/H]). In the left panel plots, the black points represent

the library labels and the red lines represent the Cannon labels. The right panel plots
display the label residuals, with the red lines denoting possible trends. We note that
the slope values of these linear trends are much lower than those of residuals from
labels predicted via techniques that make use of empirical spectral libraries (Yee,
Petigura, and von Braun, 2017).

where (o) is the average flux uncertainty and c; is directly related to the blaze

function. The total S (summing over pixels) of the metallicity measurement can be

written as

Rearranging terms to

»
Il

Z(Sj)z

/ 2
AL IS ]

metallicity yields

(2.12)

solve for the minimum theoretically detectable change in
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Figure 2.7: Log-log plots showing the median scatter of Cannon-derived labels
as a function of both S/N and resolution. Each colored block within the subplots
represents the median RMS difference in T.¢ (top), R. (middle), and [Fe/H] (bottom)
predictions from the cool star subset with spectra satisfying S/N > 160/pixel when
degraded to lower S/N and resolution. The median RMS difference is also explicitly
provided within each block in units of K (7,¢), solar radii (R.), and dex ([Fe/H). The
median scatter increases as the S/N and resolution decreases, which is representative
of the effect photon shot noise and lower resolution would have on the precision of
Cannon label predictions for HIRES spectra.

A[Fe/H] = S(af>/\/z [((5[%{(/}1})/”]2 . (2.13)
J

A metallicity change is detectable at 10 if S = 1. For a S/N =10/pixel as considered
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above, i.e., (or) = 0.1, we find A[Fe/H] = 0.001 dex. This is much smaller than
the median scatter in [Fe/H] predictions made with The Cannon at S/N = 10/pixel

(0.006 dex). Therefore, the sensitivity of The Cannon lies within theoretical bounds.

Performance at Low Spectral Resolution

While HIRES spectra are observed at R ~ 60,000, many large spectroscopic surveys
are observed at lower spectral resolutions. Thus, it is valuable to quantify how
spectral resolution affects the accuracies of label predictions with The Cannon. We
expected performance to decrease as spectral resolution decreases because lines will

blend together, resulting in less spectral information for The Cannon to work with.

To investigate spectral resolution dependence, we followed the same procedure used
for the S/N degradation test; we used the same subset of 20 stars with S/N > 160 and
simulated lower resolution by convolving their spectra with a Gaussian kernel. We
again treated the label predictions of the original high resolution (R = 60,000) spectra
as ground truth. We simulated spectra with target resolution values of R = 50,000,
40,000, 30,000, 20,000, 10,000, 7500, and 5000. The results are summarized in
Figure 2.7, which also illustrates how the precisions of label predictions are affected

when both S/N and resolution are degraded.

As in the case of degraded S/N, the accuracy of Cannon label predictions decrease
with spectral resolution. At R = 30,000, median scatter in the labels is 6.7 K in
Tetr, 0.2% in R,, and 0.009 dex in [Fe/H]. This performance is better than that of
SpecMatch-Emp’s at equivalent resolution, with median scatter values of 10.1 K in
Teq, 1.3% in R, and 0.014 dex in [Fe/H] (Yee, Petigura, and von Braun, 2017).

The Cannon also exhibits a much slower reduction in label accuracy as resolution
continues to decrease; at R = 5000, the median scatter in Cannon predictions is 24.1
K in Tig, 4.7% in R,, and 0.026 dex in [Fe/H], while SpecMatch-Emp’s is 962 K
in Teg, 228% in R.., and 0.094 dex in [Fe/H] (Yee, Petigura, and von Braun, 2017).
This suggests that The Cannon would be a favorable method for predicting labels
for spectra from many large, lower resolution spectroscopic surveys (e.g., SEGUE
(Beers et al., 2006), R ~ 2000, RAVE (Steinmetz et al., 2006), R ~ 7000, LAMOST
(Newberg et al., 2012), R = 1800).

Performance with Label Errors
To investigate the effect of errors in the library labels on predictions made with The

Cannon, we followed the same procedure used for the S/N and resolution degradation
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tests; we used the same subset of 20 stars with S/N > 160 and injected Gaussian noise
into the labels to simulate additional uncertainty up to 1x the achievable precisions
(68 K in Teg, 5% in stellar radius R., and 0.08 dex in [Fe/H]). We found that the
labels are quite robust to realistic random noise in the library labels; adding 1x
uncertainty leads to an increase in label prediction uncertainties of 22 K in T, 4%
in R,, and 0.06 dex in [Fe/H]. The results are summarized in Table 2.1.

It is worth noting that the scatter in Cannon-predicted values of T.¢ is lower than the
original label uncertainty by more than 50%, suggesting that in the limit of a very
large library with labels containing a certain amount of random noise, The Cannon
can derive a model that yields a higher T.g precision compared to that of the library
spectra. We note that this result is insensitive to zero-point offsets; it is not possible

to bootstrap to higher label precisions using The Cannon.

Table 2.1: Median RMS scatter in all Cannon-derived labels

Added uncertainty o (T.g) o(A R./R.) o([Fe/H])

(Togt, R, [Fe/H]) K %o dex
68 K 22 2 0.02

5% R, 17 4 0.02
0.08 dex 10 1 0.06

The label scatter was computed after adding an 1x the
amount of uncertainty to all labels.

2.5 Discussion

We evaluated how well The Cannon, a data-driven spectroscopic tool, is able to
predict stellar labels for cool stars (Ter = 3000-5200 K) given high-resolution
spectra. With adjustments to the spectral training set, it achieves precisions of 68 K
in Te, 5% in R,, and 0.08 dex in [Fe/H]. Unlike traditional spectroscopic modeling
techniques, The Cannon does not rely on stellar models that struggle to reproduce
the complexities of cool star spectra. Rather, as a data-driven method, The Cannon’s

performance improves as the input spectra become more information-rich.

In the case of spectra with perfect labels (no uncertainty) as simulated with synthetic
spectra, The Cannon achieves label accuracies of 22 K in T, 8% in R,, and 0.03
dex in [Fe/H]. The Cannon generally makes better label predictions for synthetic
spectra because the labels of real spectra include uncertainties that are endemic to the
catalogs from which the cool star sample originates. These catalogs are described in
von Braun et al. (2014), Mann, Feiden, et al. (2015), Brewer, Fischer, Valenti, et al.
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(2016), and Yee, Petigura, and von Braun (2017), and present labels derived from
a combination of modified SME (Brewer, Fischer, Basu, et al., 2015), photometry,
parallaxes, interferometry, and empirical relations between the labels and EW's of
spectral features. Each of these techniques have associated uncertainties, resulting
in less precise label predictions with The Cannon when compared to the case of

spectra with perfect labels.

Compared to current synthetic spectral techniques (SME, MOOG, etc.), The Cannon
is better-suited for predicting the labels of cool stars. While the latest iterations of
spectral synthesis codes model cool stars more successfully than initial versions with
additions such as more accurate radiative transfer algorithms, equations of state, and
larger line lists, they still lack complete sets of molecular line opacities and sufficient
constraints to fully disentangle the effects of T.¢, logg, and abundances (e.g., Bean
et al. 2006; Piskunov and Valenti 2017).

It is more appropriate to compare The Cannon to other data-based techniques such
as SpecMatch-Emp, a label-predicting spectroscopic tool developed by Yee, Pe-
tigura, and von Braun (2017) that utilizes an empirical spectral library. While
SpecMatch-Emp achieves accuracies of 70 K in T, 10% in R,, and 0.12 dex in
[Fe/H] for stars of spectral types ~K4 and later, these label predictions are slightly
worse than those achieved by The Cannon. In addition, the residuals from label
predictions with SpecMatch-Emp display linear trends where residuals are more
negative for larger values in the label space, and more positive for smaller values
in the label space (Yee, Petigura, and von Braun, 2017). These trends are partly
explained by considering that the empirical spectral library spans a finite region
(convex hull of the label values), and is inclined to pull spectral predictions at the
edge of the region towards the center. While the residuals from label predictions
with The Cannon also display slight linear trends, they are less pronounced and con-
stitute a smaller source of systematic error (Fig. 3.6, right panel). This is because
the choice of flux model coefficient values allows for some extrapolation outside the

finite region spanned by the training set.

While The Cannon is a powerful tool for spectroscopic characterization, it has a
number of drawbacks. For example, by individually treating each pixel within the
spectral wavelength range, it assumes no covariance between flux values of any
pixels. However, multiple spectral features can be affected by a single label, such
as a particular elemental abundance or ionization state. This motivates converting

The Cannon into a fully Bayesian framework through the inclusion of priors such as
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line lists to address covariance of different spectral features, or known correlations

between labels such as the Stefan-Boltzman relation.

Although L1 regularization does not improve cool star label predictions for T.g, R,
and [Fe/H], L2 regularization may be better suited to such cases where labels do not
include large sets of elemental abundances as L2 regularization does not encourage
model coefficients to go to zero as rapidly. However, we are also interested in
eventually using The Cannon to predict elemental abundances, in which case L1
regularization may become a useful feature. For example, we are interested in
comparing the C/O ratios of K and M dwarfs to the characteristics of planets they
host as such volatile ratios can probe planet formation histories. Ultimately, we will
use The Cannon to conduct large demographic studies of cool stars with HIRES
spectra with the goal of establishing correlations between small, cool stars such as
K and M dwarfs and the planets they host. This work has wide potential application

given that many future exoplanet surveys are focused on cool stars such as M dwarfs.
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Abstract

We present a catalog of stellar companions to host stars of TESS Objects of In-
terest (TOIs) identified from a marginalized likelihood ratio test that incorporates
astrometric data from the Gaia Early Data Release 3 catalog (EDR3). The likeli-
hood ratio is computed using a probabilistic model that incorporates parallax and
proper motion covariances and marginalizes the distances and 3D velocities of stars
in order to identify comoving stellar pairs. We find 172 comoving companions to
170 non-false positive TOI hosts, consisting of 168 systems with two stars and 2
systems with three stars. Amongst the 170 TOI hosts, 54 harbor confirmed planets
that span a wide range of system architectures. We conduct an investigation of
the mutual inclinations between the stellar companion and planetary orbits using
Gaia EDR3, which is possible because transiting exoplanets must orbit within the
line-of-sight, thus stellar companion kinematics can constrain mutual inclinations.
While the statistical significance of the current sample is weak, we find that 733‘(‘)%
of systems with Kepler-like architectures (Rp < 4 Rg and a < 1 AU) appear to
favor a non-isotropic orientation between the planetary and companion orbits with
a typical mutual inclination @ of 35 + 24°. In contrast, 65i§2% of systems with
close-in giants (P < 10 days and Rp > 4 Rg) favor a perpendicular geometry (@ = 89
+ 21°) between the planet and companion. Moreover, the close-in giants with large
stellar obliquities (planet-host misalignment) are also those that favor significant

planet-companion misalignment.

3.1 Introduction
Nearly half of FGK stars harbor stellar companions (Raghavan et al., 2010). If

exoplanet hosts adhere to this trend, it is likely that many harbor yet undetected
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companions whose presence may instigate dynamical processes that drive planet
migration, result in misaligned and/or eccentric planetary orbits, or shape system
architectures in other ways. Thus, placing observational constraints on the properties
of planet host systems with companions is essential for building a complete picture

of planet formation and evolution.

Follow-up high-contrast imaging surveys have detected companions to many planet
hosts from the Kepler, K2, and Transiting Exoplanet Survey Satellite (TESS) mis-
sions (e.g., Dressing et al. 2014; Wang et al. 2015; Kraus et al. 2016; Matson et al.
2018; Ziegler, Tokovinin, Bricefio, et al. 2020; Ziegler, Tokovinin, Latiolais, et al.
2021). More recently, high-precision astrometric measurements from Gaia have
made robust identification of comoving stars possible, resulting in large catalogs of
stellar companions to planet host stars (e.g., Gaia Collaboration, Brown, Vallenari,
Prusti, de Bruijne, Babusiaux, Bailer-Jones, et al. 2018; Gaia Collaboration, Brown,
Vallenari, Prusti, de Bruijne, Babusiaux, Biermann, et al. 2021). For example,
Mugrauer (2019), Mugrauer and Michel (2020), Michel and Mugrauer (2021), and
Mugrauer and Michel (2021) identified companions to confirmed and candidate
exoplanet hosts by establishing criteria for proper motions and parallaxes that when

met constitute high confidence that a pair of stars is gravitationally bound.

Other studies have established probabilistic models to identify stellar companions;
Oh et al. (2017) presented a model that calculates a likelihood ratio corresponding
to the probability that two stars are comoving given their Gaia astrometric mea-
surements, and applied the model to the first Gaia data release (DR1) to identify
high-confidence comoving pairs. The likelihood ratio corresponds to the ratio of
two hypotheses: (1) that a pair of stars share the same physical (3D) velocity, and
(2) that the two stars have independent 3D velocities. The model treats uncertainties
associated with Gaia-measured proper motion and parallax covariances in its assess-
ment of whether two stars share the same 3D velocity. Thus, it is more robust than
other methods that ignore covariances and assess whether two stars are comoving

based on differences in their astrometric motions alone.

In this study, we used the Oh et al. (2017) probabilistic model to produce a catalog of
Gaia EDR3 stellar companions to the current list of TESS Objects of Interest (TOlIs).
As the natural successor to the Kepler mission, TESS is currently carrying out high
precision time series photometric observations for bright stars across ~85% of the
sky, and has already discovered thousands of TOIs and dozens of confirmed planets

(Ricker et al., 2015). Follow-up observations that confirm TOI planet candidates
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are ongoing, making the TOI catalog the source for the fastest growing sample of

newly identified planet hosts.

After assembling a list of TOI hosts with comoving stellar companions, we investi-
gated the degree of alignment between the planetary and companion orbits. We used
precise astrometric measurements from Gaia EDR3 to compute the angle between
the relative 2D position and velocity vectors of the two comoving stars in the sky
plane. We then modeled the observed distribution of angles to constrain the mu-
tual inclinations between the planet and companion orbits, a previously unexplored

geometric property of planetary systems.

This paper is structured as follows. We provide details on the TOI catalog and our
sample selection involving the Oh et al. (2017) probabilistic model in Section 3.2.
In Section 3.3 we present our catalog of high-confidence TOI stellar companions
obtained from applying the model to Gaia EDR3. We highlight TESS systems
with stellar companions that host confirmed planets in Section 3.4, and investigate
possible alignment between stellar companion and planetary orbits in Section 3.5.

We discuss these results further in Section 3.6.

3.2 TOI Sample and Companion Selection

We constructed our TOI host sample from the 2241 TOIs reported in Guerrero (2020)
and available on the ExoFOP-TESS! database. The TOIs correspond to 2140 unique
stellar hosts spanning TESS Sectors 1-26 whose properties are drawn from the
TICv7 (Sectors 1-13) and TICv8 (Sector 14 and onward), the two most up-to-date
versions of the TESS Input Catalog (TIC) (Stassun et al., 2019). We searched for
stellar companions to these 2140 TOI hosts within the Gaia EDR3 catalog, the latest
data release resulting from the Gaia mission. Gaia EDR3 contains ~1 million new
sources compared to Gaia DR2 and features improvements in parallax and proper
motion precision of 30% and a factor of two, respectively, as well as decreased
systematic uncertainties for parallaxes and proper motions by 30-40% and a factor
of ~2.5, respectively. The photometric precision and homogeneity across color,
magnitude, and celestial position are also improved (Gaia Collaboration, Brown,

Vallenari, Prusti, de Bruijne, Babusiaux, Biermann, et al., 2021).

We employed a search radius of 10 arcmin around each TOI host to search for stellar
companions. We then applied initial cuts of global parallax signal-to-noise @w/o;

> 4, distance agreement 2|ry —rp|/(r1 +r2) to within 200%, and (point estimate)

Thttps://exofop.ipac.caltech.edu/tess/
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Figure 3.1: The tangential velocity differences (A|vr|) and 2D separations for neigh-
boring stars relative to their TOI hosts (blue points). The black line shows the Kep-
lerian velocity as a function of semimajor axis for a binary pair with a total mass of
2M assuming circular orbits. The bound companions identified by our statistical
analysis are shown in red.

tangential velocity differences less than |Avy| <150 km s~

These preliminary
cuts are generous enough to allow for recovery of all stellar companions reported
in Mugrauer (2019); their purpose is to trim down the list of potential TOI host
companions without removing any true companions before applying the probabilistic
model. We also note that the observational uncertainties on parameters involved in

these cuts are small enough to be disregarded.

The tangential velocity calculation incorporates a point estimate of the distance
derived from a correction to the Lutz-Kelker bias (Lutz and Kelker, 1973):

-1
w 16
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1000
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where @ is the parallax in mas. The tangential velocity between two stars is estimated

as
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|Avr| = |F1u1 — Fapal, (3.2)

where the proper motion vector is u = (u,2, us). We were left with ~1,200,000
possible stellar companions following these cuts, and plot their tangential velocity
differences and separations relative to their corresponding TOI hosts in Figure 3.1.
We found that there is a population of stellar pairs with small separations (<1 pc)
and tangential velocity differences (<2 km s~!) that are likely gravitationally bound,
also noted by Oh et al. (2017) for the Gaia DR1 sample.

We employed the probabilistic model presented in Oh et al. (2017) that incorporates
reported uncertainties in the Gaia astrometric data to yield a likelihood £; that a
given pair of stars is comoving based on their proper motions, distances, and 3D
velocities. Similarly, the likelihood that the two stars are not comoving £, can be
computed and compared with £ to identify truly bound pairs. For more details on
the model, see Oh et al. (2017). While Oh et al. (2017) established a log-likelihood
ratio value of In(L;/L>) > 6 as the threshold for high-confidence co-moving pairs,
less than half of the Mugrauer (2019) stellar companions meet this threshold, with
some members of the sample yielding log-likelihood ratios as low as In( L/ L;) =
—30. This led us to suspect that the Oh et al. (2017) log-likelihood ratio cut was
too stringent for our sample. We inspected the Mugrauer (2019) sample within the
Gaia EDR3 database, and found that many stellar companions have Gaia EDR3
uncertainties on astrometric data that are less than 1% of the associated proper
motion or parallax value. Such underestimated uncertainties can artificially lower
the probabilistic model confidence that a pair of stars is bound. To address this, we
included a “‘jitter” term in the proper motion and parallax uncertainties constituting
5% of the absolute proper motion value, and similarly 5% of the parallax value.
This jitter term accounts for unknown systematic effects that may arise from factors
such as the Gaia solution single-star model that fails to describe comoving binary
systems. For example, TOI-837A and B have a spuriously large 3D separation of
6.6 + 2.1 pc derived from Gaia quantities because the incorrect single-star model

was assumed (Bouma et al., 2020), as further discussed in Section 3.4.

We ran the probabilistic model on the ~1,200,000 possible TOI host companions
and recovered ~60,000 with In(L;/ L) > 0. The purpose of this generous threshold
is to retain as many true comoving systems as possible. Most of these pairs have

huge projected separations on the order of 10*~10° AU, making it unlikely that they

2;1’;, is the proper motion component in the RA direction, u}, = po c0S0.
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are truly bound. To remove such pairs, we applied cuts of projected separations
<10,000 AU and |Av7| < 20 km s~! as motivated by the Mugrauer (2019) sample
of companions whose separations and |Avz| fall within 9100 AU and 20 km s~!,
respectively. We did not search separations beyond 10,000 AU because such wide
companions are rare and not usually predicted to remain bound throughout dynam-
ical evolution within clusters (Parker et al., 2009; Raghavan et al., 2010). We were
left with ~1500 potential companions following these cuts. As mentioned earlier,
the Gaia solution single-star model may introduce systematic errors in astrometric
quantities that evade simple numerical cuts. To identify systems with such sys-
tematic errors, we visually inspected the potentially comoving systems individually,
eliminating those that may still be unbound as evinced by large differences between
their astrometric motions (Ax, and Aus > 2—3 mas yr~!) and distances (Ar 2 50 pc).
Because our analysis does not involve a completeness study, these non-systematic

cuts should not affect our results.

Finally, we identified systems that likely harbor unresolved companions using their
Gaia EDR3 re-normalized unit weight error (RUWE) values. Sources with RUWE
> 1.4 are generally assumed to not have well-behaved Gaia astrometric solutions
assuming they are single sources (Lindegren, 2018). However because our sam-
ple is composed of systems with detected stellar companions, their RUWE values
may be high because of companion contamination, making a single cut at RUWE
< 1.4 inappropriate. Belokurov et al. (2020) analyzed a set of known spectro-
scopic binaries with RUWE values, and found that RUWE rises steeply for binaries
at separations <1.5”, marking this as the maximum angular separation at which
companions can contaminate each other. Belokurov et al. (2020) also found that
systems with tangential velocity differences exceeding their escape velocities have
large RUWE, indicating an additional, closely separated companion. Thus, to iden-
tify which of our systems likely harbor unresolved companions, we made cuts on
systems with separations >1.5” that have TOI host or companion RUWE > 1.4, and
tangential velocity differences greater that their escape velocities. We subsequently
removed the 9 systems that met this criteria from our sample. We were ultimately
left with 238 high-confidence companions to 234 of the original 2140 TOI hosts,
yielding a raw (without completeness corrections) detection rate of ~10.9%. These
companions identified through our statistical analysis are plotted in red in Figure
3.1
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Figure 3.2: The distribution of projected separations for the 170 non-false positive
TOI hosts and their 172 detected stellar companions (blue). The red histogram cor-
responds to the sample of companions to solar-like field stars reported in Raghavan
et al. (2010). The separations of TOI hosts and companions span 40 to 10,000 AU
(our search limit, delineated by gray shading), though most companions are found
within 3004000 AU. The lack of TOI host companions at separations <40 AU is
due to the Gaia resolution limit of 0.7”, though the number of missed companions
may be negligible (see Section 3.6).

3.3 Stellar Companions

The majority of the 234 TOI hosts with detected companions exhibit only one
companion, comprising 230 systems with two stars. There are also 4 triple systems.
Of the 234 TOI hosts with companions, 170 have non-‘FP’ (false positive), ‘FA’
(false alarm), or ‘APC’ (ambiguous planetary candidate) TESS and TESS Follow-
up Observing Program Working Group (TFOPWG) dispositions whose properties
are given in Table 3.1. The 170 TOI hosts currently marked as non-false positives
together harbor 172 stellar companions whose properties are given in Table 3.2.
Amongst the non-false positive TOI systems, there are 168 binary systems and 2
triple systems. We noted that the TIC 37770169 triple system does not appear

hierarchical based on relative separations. This system may belong to a larger group
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Figure 3.3: The distribution of AG (left) and mass ratios (right) for all 172 detected
companions compared to their non-false positive TOI hosts. The companions are
comparatively fainter than the TOI hosts, with AG ranging from (—11.5)—(+4.8)
and peaking at ~—5.0. The mass ratio distribution of the companions relative to the
TOI hosts spans ~0.10—1.17 and peaks at ~0.3, identifying approximately half of
the companions as low-mass main sequence stars.

of co-moving stars, but failed to match with any young associations according to the
Bayesian classifier BANYAN X (Gagné et al., 2018).

The projected separations between the TOI hosts and their companions span 40 to
10,000 AU (our search limit), though most companions are found within 300-4000
AU (Figure 3.2). The G-band magnitudes for the detected companions compared to
the TOI hosts are usually fainter; the distribution of AG ranges from (—11.5)—(+4.8)
and peaks at approximately —5.0 (Figure 3.3, left panel). 42 of the companions to
non-false positive TOI hosts are sufficiently bright for radial velocity (RV) follow-up
(G < 13 mag). In addition, 10 satisfy criteria required for a high level of chemical
homogeneity with their TOI hosts (AT < 200 K and AG < 0.3 mag) (Andrews et al.,
2019), making them stellar twins potentially useful for studies involving differential
stellar abundances. We computed TOI host and stellar companion masses for
the full sample with the isoclassify code that performs stellar classification
with isochrone fitting by making use of astrometric and magnitude information
(Huber, 2017). isoclassify failed to predict masses for 35 of the 238 stellar
companions (~15% fail rate), likely because of close companion separations that
result in blending. The predicted masses for the remaining 203 stellar companions
are in the range ~0.11-1.51 Mg, with ~55% exhibiting masses below 0.5 M. The
TOI host-companion mass ratios span ~0.1-1.17 and peak at ~0.3, indicating that
the stellar companions are predominantly low-mass main sequence stars (Figure 3.3,

right panel).
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Figure 3.4: The total sample of 2140 TOIs plotted in period-radius space (gray).
Non-false positive TOIs with one detected stellar companion (binary systems) and
two detected companions (triple systems) are overplotted in blue and red, respec-
tively. There does not appear to be a preferred location for TOIs with stellar
companions in period-radius space. 6 TOIs fall outside this period-radius space and
are not shown for easier visualization. We also delineate the regions of parameter
space that harbor Kepler-like (blue) and close-in giant systems (red).

To construct a planet-less comparison sample, we drew from the TICv8 Candidate
Target List (CTL). A subset of the TICv8 CTL targets are selected for TESS obser-
vations based on their ranked priorities that incorporate the probability of detecting
small planet transits considering the host star radius, the total expected photometric
precision, and the number of TESS Sectors that may include the target. For more
details on the TICv8 CTL priority calculation, see Stassun et al. 2019. We selected
TICv8 CTL targets with priorities above 0.005 (yielding <200,000 stars) and Ty,
mass (M.), radius (R,), distance (r), and G-band magnitude within the 1-0- bounds
of the 2140 TOI system hosts. The TOI host stellar parameters were computed with
isoclassify which failed on 56 of the 2140 TOI hosts, again likely because of
close companion separations that result in blending, leaving 2084 TOI hosts for this
analysis. A search in the TICv8 CTL using the 1-0- bounds of the TOI systems
yielded ~19,900 targets. This sample was further trimmed down with the following
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Figure 3.5: A schematic illustrating the “Linear Motion Parameter” v, i.e., the
angle between the relative 2D position and velocity vectors of the TOI and its
comoving stellar companion in the sky plane. Because the transiting planet must
follow a nearly edge-on orbit, y will favor different values depending on the mutual
inclination between the orbits of the planet and companion. In the well-aligned case
of small mutual inclination, the companion will likely also have an edge-on orbit,
with y near 0° or 180°. In the misaligned case of large mutual inclination, the binary
orbit will tend to be face-on with y near 90°.
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which incorporates the relative Teg, M., R., r, and G-band magnitude between
the two stars, and their associated errors added in quadrature. We constructed the
comparison sample by selecting the five CTL targets with the smallest comparison
metric value relative to each TOI host in the 2084 TOI host sample. After removing
duplicates, we were left with 4146 TICv8 CTL stars. We then recovered 703 stellar
companions to 679 of the 4146 TICv8 CTL targets searched within Gaia EDR3 with
the same procedure we used to identify stellar companions to TOI systems. This
sample of companions to planet-less CTL stars appears to be a good comparison
sample for the TOI host companions by virtue of exhibiting similar distributions in

parameters such as separation and brightness difference.
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Figure 3.6: The differential position (red), differential velocity (blue), and individual
velocity vectors (black) in the sky plane for one of the 155 binary TOI systems used
in our alignment analysis (TOI-1473), derived from the equatorial coordinates (RA
and Dec) and proper motions in the RA (u,) and Dec (us) directions. The velocity
vectors are in units of mas yr~! while the position vector is in units of mas/100
for easier visualization. The position and velocity vector scatter is derived from
sampling the covariance matrix for 100 iterations, and is represented by the clouds
of gray dots. The zoomed inset displays how 7y is measured. The expected orbital
velocity (mas yr~!) assuming circular orbits is shown for comparison and represented
by the length of the black line in the lower left corner.

3.4 TOI and Confirmed Planets

The 234 TOI hosts with detected stellar companions host a total number of 254 TOIs
whose properties are reported in Table 3.3. We plot these 254 TOIs with the total
sample of 2140 TOIs in Figure 3.4 using the planetary orbital periods and radii.

To determine how many of our TOI hosts with stellar companions harbor confirmed
planets, we selected those with TESS and TFOPWG dispositions of ‘CP’ (confirmed
planet) or ‘KP’ (known planet), and cross-matched our catalog with the NASA
Exoplanet Archive3 (Akeson et al., 2013) and the living catalog of confirmed planets

3https://exoplanetarchive.ipac.caltech.edu/
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Figure 3.7: The eccentricity distribution model derived by Tokovinin and Kiyaeva
(2016) (black dashed) and the eccentricity distributions from Hwang, Ting, and Za-
kamska (2022) for binary separations ranging from ~30-300 AU (red), ~300—1000
AU (orange), and ~1000-3000 AU (blue). The Tokovinin and Kiyaeva (2016)
model is in good agreement with the Hwang, Ting, and Zakamska (2022) distribu-
tions in this binary separation regime of ~30-3000 AU.

discovered by TESS4. As of January 9, 2022, this yielded 99 confirmed planets
amongst the 254 TOIs, marked with an “*” next to their corresponding TIC in Table
3.3. The confirmed systems span a wide range of architectures, including one planet
in the Neptune desert (Diaz et al., 2020) and a young hot Jupiter system (Bouma

et al., 2020). We discuss these systems in more detail below.

We detected one previously unknown stellar companion (Gaia EDR3 6520880036122448000,
hereafter referred to as TOI-132B) to TOI-132, a G = 11.3 G dwarf that hosts a
planet in the Neptune desert (Diaz et al., 2020). TOI-132B is faint (G = 18.4)
and located at a projected separation of 3231 AU (19.6”). Diaz et al. (2020) also
searched for nearby companions with speckle imaging using HRCam on the 4.1-m

Southern Astrophysical Research (SOAR) telescope; they noted a potential compan-

“https://tess.mit.edu/publications//



50

le-2

= non-planet hosts
0.008 1.50

= nopref.,e=0
I aligned within 10°
== no pref.

P
£ 2125
2 0.006 e
Q
< < 1.00
£ Z
= 0.004 =
§ 2075
[ 8
8. 0,002 £ 0.50
0.25
0.000
100 0.00

100
y [deg]

y [deg]

Figure 3.8: The left panel displays the normalized histogram of angles y between
the differential position and velocity vectors in the sky plane for the 512 TICv8
CTL targets in our comparison sample that pass our ye; < 5 degrees cut (gray).
The right panel displays the theoretical y distributions corresponding to an isotropic
distribution of a with circular orbits (blue) or eccentric orbits (gray). The red distri-
bution corresponds to the case of mutual inclination @ between the transiting planet
and companion agreeing within 10 degrees. Note that the planet-less comparison
sample shows a rather uniform distribution of y as one would expect for an isotropic
distribution that also accounts for orbital eccentricities.

ion at 0.079” but ultimately ruled it out based on visual inspection of the individual

spectra.

We also detected one previously unknown stellar companion (Gaia EDR3 5251470948231619200,
hereafter referred to as TOI-837B) at a close projected separation of 330 AU (2.3”)
to TOI-837, a young hot Jupiter host (P = 0.83 days, Rp = 0.77*009 R,) (Bouma
et al.,, 2020). TOI-837 is a member of the 35fg1 Myr southern open cluster IC
2602, making its hot Jupiter one of the youngest transiting planets currently known.
Bouma et al. (2020) identified TOI-837B with Gaia DR2 imaging and noted it as
another IC 2602 member, but ruled it out as a bound stellar companion based on its
large 3D separation of 6.6 + 2.1 pc (Bouma et al. 2020, private correspondence).
However, the 3D separation calculation is quite sensitive to the Gaia distance esti-
mate, which assumes a single-star model that likely introduced systematic errors in
the parallax measurement, as discussed in Section 3.2. Our probabilistic analysis

indicates that these two stars are bound with In(L;/L;) = 4.09.

3.5 Planet-Companion Orbit Alignment
We sought to constrain the relative orientations between planetary and stellar com-

panion orbits in our sample, i.e., the mutual inclination between the two orbital axes,
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Figure 3.9: The right panel displays the scatter plot of binary separations and angles
v between the 2D differential position and velocity vectors for the TOI (blue) and
confirmed planet (red) systems that harbor close-in giant planets (P < 10 days
and Rp > 4 Rg). The left panel displays the binary separations and y for the
Kepler-like (R, < 4 Rg and a < 1 AU) TOI and confirmed planet systems. The y
distribution histograms are provided in the background of all plots and scaled for
easier visualization. We also show the best-fit theoretical y distributions derived
from HBM (gray).

which we refer to as @. Using the Gaia EDR3 equatorial coordinates (RA and Dec)
and proper motions, we were able to precisely measure the 2D relative position and
velocity vectors in the sky plane between the planet host and its comoving stellar
companion. The angle between these vectors, which we refer to as vy, encodes
information on the true planet-companion mutual inclination &. Because all planets
in our sample are transiting and thus have orbital inclinations close to 90°, it follows
that if the planet and companion orbits are well-aligned (low « values), the orbital
axis of the companion will also likely reside in the sky plane. In other words, if the
companion follows an edge-on orbit, the angle between the 2D relative position and
velocity vectors of the planet host and companion y will be near 0° or 180°. In con-
trast, if the companion and transiting planet orbits are misaligned (large a values),
the binary orbit will more likely reside in orientations approaching face-on with y
near 90° (Figure 3.5). Thus, the vy distribution can be used to deduce the underlying
distribution of «. Figure 3.6 illustrates application of this method to TOI-1473. We
note that the quantity y or “Linear Motion Parameter” was also used by Tokovinin
and Kiyaeva (2016) to constrain the eccentricity distribution of wide binaries (>30
AU). They modeled the eccentricity probability density distribution as p(e) ~ 1.2¢
+ 0.4 with (e) = 0.59 + 0.02, which we subsequently adopted for our investigation

of mutual inclinations between planetary and companion orbits. Similarly, Hwang,
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Figure 3.10: The minimum orbital distances of the close-in giant progenitors, with
arrows representing the upper limit, versus the 2D projected separation between the
planet host and comoving companion in a Kozai-Lidov formation scenario. The
progenitors must initially have large enough orbital periods to ensure that Kozai-
Lidov oscillations induced by the comoving companion are not suppressed by GR
precession. The right y-axis denotes the Kozai-Lidov timescale for the comoving
binaries at their observed 2D separations. We assumed a fixed eccentricity of 0.5 for
the comoving binary, and fixed masses of 1 and 0.3 M, for the planet host and the
comoving binary. These assumptions permit a one-to-one correspondence between
the left and right axes. We highlight and label the planets that have both large stellar
obliquities A and mutual inclinations 7 in red.

Ting, and Zakamska (2022) employed the 2D relative position and velocity vectors
to derive eccentricity distributions of wide binaries, and found evidence for two
distinct formation pathways operating at different separation regimes. The p(e) =
1.2e + 0.4 eccentricity distribution model from Tokovinin and Kiyaeva (2016) used
in our alignment analysis is derived from a clean sample of 477 binaries that lack
planets and have no preferential orientation. It also well-represents the eccentric-
ity distributions derived by Hwang, Ting, and Zakamska (2022) for separations of
~100-3000 AU, which spans the bulk of separations in our sample (Figures 3.2 and
3.7). Thus, the Tokovinin and Kiyaeva (2016) model is an appropriate prior for our
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Figure 3.11: The distributions of angles y and normalized relative motion y for the
TOI and confirmed planet systems that harbor close-in giant planets (P < 10 days
and Rp > 4 Rg) (right panel), and those with Kepler-like architectures (R, < 4 Rg
and a < 1 AU) (left panel). The y and " distributions appear uncorrelated.

entire sample of TOI systems with stellar companions.

We limited our analysis to the 168 binaries in our TOI sample as 7y is only measurable
in two-body systems. We verified that the 2D relative velocity between the two stars
did not exceed their expected orbital velocity 2G (M| + M>)/a considering their 2D
projected separation and assuming circular orbits. Following this cut, we were left
with 159 of the 168 binaries that together host 179 TOIs. To create a larger sample
of planet/planet candidate-hosting binary systems, we added the Mugrauer (2019)
confirmed exoplanet systems with stellar companions that pass our expected orbital
velocity cuts (182 additional systems), yielding a total of 341 systems. We also
constructed a comparison sample by applying our full set of cuts to the planet-less

CTL systems, leaving 673 systems.

For the sample of 341 planet/planet candidate systems, as well as the planet-less
CTL sample, we measured y from the equatorial coordinates and proper motions,
and estimated the uncertainty on y by sampling from multi-dimensional Gaussians
that correspond to covariance matrices reported by Gaia EDR3. Specifically, we
took 100 random draws from the covariance matrices to generate 100 iterations of
v per system, and took the standard deviation as y.;. We then made a final cut to
remove systems with yr > 5 degrees, leaving 155 planet/planet candidate systems,

and 512 planet-less CTL systems. We provide the y distribution of the planet-less
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CTL comparison sample in the left panel of Figure 3.8, which appears flat. The
sample of 155 binaries with vy measurements served as the posterior sample for
our hierachical Bayesian analysis outlined in the following section on hierachical
Bayesian modeling. We were able to ignore the influence of transiting planets on the
astrometry of comoving stars because they will not generate significant perturbations

to the two-body Keplerian motion considering their masses and orbital periods.

We constructed theoretical vy distributions by generating 100,000 simulated systems
with the Keplerian solver implemented in orbitize (Blunt et al., 2020). For each
simulated system we sampled all Keplerian orbital elements uniformly in phase
space and adopted the eccentricity distribution model p(e) ~ 1.2e + 0.4 reported
by Tokovinin and Kiyaeva (2016). We assumed solar mass stars and 1000 AU
separations. Supposing that the planets follow edge-on orbits (i, = 90°), we can
compute the orbital inclinations of the stellar companions with the mutual inclination
«. The right panel of Figure 3.8 displays theoretical y distributions generated under
different assumptions. Specifically, the blue distribution corresponds to a sample
of systems with circular companion orbits and no preferential alignment between
the planet and companion. In this case, y is strongly peaked at 90°. If we allow
for eccentric orbits that follow p(e) ~ 1.2e + 0.4, y is smeared out into a relatively
uniform distribution between 0—180° as shown by the gray distribution. However
if we assume that the planet and the companion orbits are well-aligned (o < 10°),
the distribution of y exhibits a symmetric double peak pattern at 0° and 180° as

expected from the schematic shown in Figure 3.5.

Hierarchical Bayesian Modeling

We employed a hierarchical Bayesian model (HBM) to translate the observed y
distribution of the TOI systems to constraints on the true mutual inclination @. We
divided the TOI sample into two architecture sub-samples, namely Kepler-like sys-
tems featuring sub-Neptunes/super-Earths (Rp < 4 Rg and a < 1 AU) versus single,
close-in gas giants (P < 10 days and Rp > 4 Rg) (Figure 3.4). These architectures
were chosen based on numerous observational and theoretical lines of evidence
that suggest Kepler-like and close-in giant systems may have distinct formation
pathways, e.g., giant planets strongly favor metal-rich environments (Fischer and
Valenti, 2005) while Kepler-like systems form readily in lower metallicity envi-
ronments (Petigura et al., 2018), and giant planets are often lonely and misaligned
while Kepler-like planets frequently reside in multi-planet systems with low mutual

inclinations (e.g., Winn and Fabrycky 2015 and references therein).
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We employed an HBM (Hogg, Myers, and Bovy, 2010; Foreman-Mackey, Hogg,

and Morton, 2014) to model the distribution of mutual inclinations between the
planetary and stellar companion orbits. We considered two possible hypotheses for

the « distributions:

1. The planetary and the stellar companion orbits are uncorrelated (no preferred
a angle), and the resultant distribution of y is approximately uniform as

exemplified by the gray histogram in the right panel of Figure 3.8.

2. A certain fraction (f) of the planetary systems have a preferred orientation
such that « can be approximated by a von Mises distribution with mean a and
k parameter that encodes the width of the distribution, while the remaining 1-
[ of the systems follow an isotropic @ distribution. The resultant distribution

of v will significantly deviate from uniformity.

We approximated the likelihood function using the y samples computed from the

covariance matrix of each system:

N
p(datalx) o« ]—[%Z (70(; |)x), (3.4)
=1

where data represents the observed distribution of vy, x is the set of hyperparam-
eters describing the distribution of mutual inclinations «, K is the total number
of observed systems, and N is the number of covariance samples. We converted
the distribution of @ described by the hyperparameters x to a distribution of y by
marginalizing over various Keplerian orbital elements. Our total set of nuisance
and hyperparameters include eccentricity with the Tokovinin and Kiyaeva (2016)
model taken as the prior; time of observation and argument of periapse modeled
with uniform priors; stellar companion orbital inclination with a prior set by «
and ¢ (an arbitrary azimuthal angle marginalized uniformly); and planetary orbital
inclination, orbital period, and longitude of ascending node, all held fixed. After
marginalization, we numerically evaluated p(y|x) and po(y), and sampled from
the hyperparameter posterior distribution and Bayesian evidence Z simultaneously
using the nested sampling code MultiNest (Feroz, Hobson, and Bridges, 2009).
We then computed the Bayesian evidence for model comparison. We sampled
the various parameters uniformly in phase space except for eccentricity, which we
derived from the distribution p(e) =~ 1.2e + 0.4 (Tokovinin and Kiyaeva, 2016).
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We first tested the planet-less CTL sample, and found that it favors an isotropic
distribution of vy consistent with the first hypothesis. Testing the second hypothesis
yielded a fraction of non-isotropic components f that converged towards 0 with a
95% upper limit of f < 18%, indicating that an isotropic distribution is favored
again. Overall, the planet-less CTL sample favors the first hypothesis with a Bayes
factor of Alog(Z) = 3.1. Considering the TOI sample, we found that Kepler-
like systems slightly favor the second hypothesis with Alog(Z) = 1.1 over the
isotropic model. Specifically, for 733‘8% of the Kepler-like systems, the planet
and companion orbits appear to favor alignment with an @ of typically 35 + 24°.
Note that we combined the ap and « posteriors together because both parameters
describe the distribution of @. The close-in giants also favor the second hypothesis
with Alog(Z) = 2.0, but in contrast appear to favor a perpendicular geometry, with
6532% of close-in giants exhibiting an a of typically 89 + 21°. The best-fit y
distributions for the Kepler-like and close-in giant systems are provided in Figure
3.9. These results are weakly significant according to Jeffreys (1998) and Kass and
Raftery (1995), which assert that 2.5 < log(Z) < 5 indicates strong significance,
and 1 < log(Z) < 2 indicates positive significance. The low statistical significance
of our results may be partially due to the small sizes of our Kepler-like (108
systems) and close-in giant (47 systems) samples. Moreover, v only provides an
indirect measurement of @. We further discuss these results and consider how the

Gaia final data release may improve constraints in Section 3.6.

3.6 Discussion

Comoving Stars for Further Characterization

We present a new catalog of Gaia EDR3 stellar companions to the 2140 unique
TOI hosts from TESS Sectors 1-26. We note that the Gaia resolution limit of 0.7”
allows for companion detection if projected separations are >40 AU at distances
less than ~60 pc. This may have contributed to lower companion completeness
in our catalog; nearly all our TOI hosts reside at farther distances, thus explaining
our lack of detected stellar companions at these small separations (Figure 3.2).
More specifically, 84% of our companions reside at separations of 300-4000 AU
while only ~20.5% of field star companions detected by Raghavan et al. (2010)
fall in this range. However, stellar companion surveys of planet host stars yield
few companions at separations interior to ~100 AU because planet formation is
suppressed by dynamical effects from close companions (Kraus et al., 2016; Moe

and Kratter, 2021). This implies that the actual number of missed stellar companions
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to TOI hosts due to the Gaia resolution limit is likely negligible.

We found a total of 238 comoving stellar companions to 234 TOI hosts, yielding a
raw companion detection rate of ~10.9% with respect to the total number of 2140
searched hosts. The 234 systems include 230 binaries (~10.7%) and 4 triple systems
(~0.19%). These fractions are lower than those of solar-type field stars which exhibit
binary and triple system fractions of 33 + 2% and 8 + 1%, respectively (Raghavan et
al., 2010). While our lower binary and triple detection rates likely do not stem from
the Gaia resolution limit, they may be affected by Gaia pipeline incompleteness,
shortcomings in our probabilistic approach, or true astrophysical differences between
the companion fractions of planet host stars versus field stars. The last possibility,

while intriguing, cannot be entertained until the first two possibilities are ruled out.

If we consider only non-false positive systems, there are 172 companions to 170
TOI hosts. Amongst these systems are 10 stellar twin binaries potentially useful for
future studies involving differential stellar abundances (AT < 200 K and AG <
0.3 mag), and 42 systems amenable to RV follow-up for planet detection (G < 13
mag). Additionally, 11 of the 172 companions exhibit masses below 0.15 My and
distances below 100 pc, with 3 within 25 pc. This demonstrates that the probabilistic
framework used in this study can identify nearby low mass stellar companions.
Such objects are valuable for surveys of stars within the Solar neighborhood and
their hosted planets such as the RECONS (REsearch Consortium On Nearby Stars)
survey within 25 pc (e.g., Henry, Kirkpatrick, and Simons 1994) and the TRAPPIST

survey of planets around nearby ultra-cool dwarfs (Gillon et al., 2013).

Thick Disk Membership

Many of the TOI hosts with stellar companions have large tangential velocities
that suggest Galactic thick disk membership. To investigate this, we computed their
Galactic space motion velocities U, V, and W with the procedure detailed in Johnson
and Soderblom (1987) assuming the local standard of rest from Coskunoglu et al.
(2012). Using the methodology of Reddy, Lambert, and Allende Prieto (2006),
we found that 3 TOI hosts with companions (TIC 166833457, TIC 175532955,
TIC 23434737) have a >50% probability of belonging to the thick disk. These
stars also have thick-to-thin disk probability ratios computed from the probabilistic
framework of Bensby, Feltzing, and Lundstrom (2004) and Bensby, Feltzing, and
Oey (2014) of TD/D = 4, 33 and 114, respectively (Carrillo et al., 2020). TIC

166833457 has already been confirmed as a thick disk member via extensive chemo-
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kinetic follow-up (Mancini et al., 2016; Southworth et al., 2020), and its hot Jupiter
candidate confirmed as WASP-98B. Though TIC 23434737 and TIC 175532955 are
not confirmed to reside in the thick disk, TIC 23434737 has a TICv8 metallicity of
[Fe/H] = —0.39 + 0.05, consistent with the thick disk population. Additionally, these
stars host warm Neptune (TOI-1203) and hot super-Earth planet candidates (TOI-
929), respectively, making potential thick disk membership particularly interesting
as it would provide evidence that small, rocky planets are able to form in metal-poor
environments and avoid being tidally destroyed around old stars (Buchhave et al.,
2012; Hamer and Schlaufman, 2020).

Kozai-Lidov Migration

One possible formation scenario for hot Jupiters involves a stellar companion in-
ducing Kozai-Lidov oscillations between the hot Jupiter progenitor and its host star,
leading to high-eccentricity tidal migration of the planet to its current close-in lo-
cation (e.g. Fabrycky and Tremaine, 2007). We considered if the companions to
our close-in giants could have instigated such Kozai-Lidov migration. Ngo et al.
(2016) noted that the occurrence rate of stellar companions to hot Jupiter hosts at
separations of 50-2000 AU (47% =+ 7%) is a factor of 2.9 higher than the rate for
field stars in the same range. However, Ngo et al. (2016) also suggested that most
of these companions are too far away to have instigated Kozai-Lidov migration. We
performed a similar set of calculations for the close-in giants in our sample. For
example, the timescale for Kozai-Lidov oscillations in the young hot Jupiter system
TOI-837 is

2P? M+ M
_ p M1 2 273/2
TKL = 1-e 3.5
KL 3 Pzz, YA ( 5) (3.5)

(Kozai 1962; Kiseleva, Eggleton, and Mikkola 1998), where P, is the original
orbital period of the hot Jupiter progenitor around its host, M; and M, are the
masses of the TOI host and stellar companion, respectively, and P, and e;, are
the period and eccentricity of the stellar companion. We calculated 7x; using
isoclassify-predicted masses for TOI-837A and TOI-837B. We then compared
7k 1, to the timescale of general relativistic (GR) precession. This is relevant because
Kozai-Lidov oscillations require a slow changing argument of perihelion that will

not occur if GR precession is sufficiently fast. We computed the expected GR
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Figure 3.12: The sky-projected stellar obliquity A and vy angles for the subset of 20
close-in giant planet systems in our sample with published A values. We overplot
the histogram of all close-in giants in our sample and scale it for easier visualization
(blue). Close-in giants that are misaligned with respect to their host star (red region,

A > 30°) are often also misaligned with respect to their comoving companion (blue,
40 <y < 140°).

precession rates for TOI-837 as follows:

GM., 3ny
apc? Glz) ’

WGR = (3.6)

where n; = 27 /Py, Gp = ,/1 - el%, and c is the speed of light. The condition for
Kozai-Lidov oscillations to be suppressed by relativistic precession is Tk wgr > 3
(Fabrycky and Tremaine, 2007), which is well-satisfied by TOI-837b for a typical

choice of unknown system parameters.

However, if we allow the progenitors of close-in giant planets to form along more
distant orbits, the rate of GR precession can be suppressed by several orders of
magnitude. Using the 2D projected separation and isoclassify stellar masses,
we calculated the minimum orbital distances for the progenitor planets that ensure
Kozai-Lidov oscillations are not quenched by GR precession. We found that the
progenitors of close-in giants drawn from our sample of comoving binaries must
have formed at minimum distances of ~0.5-10 AU for Kozai-Lidov oscillations to
proceed (Figure 3.10). Such orbital distances are consistent with the progenitors
starting as cold to warm Jupiters (e.g., Fulton et al., 2021; Dawson and Albrecht,
2021).
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Planet-Companion Orbital Alignment

Stellar obliquity, or the angle between the planetary orbit and rotation axis of
the host star, has been the subject of numerous exoplanet studies throughout the
past decade. The diversity of the ~200 reported stellar obliquity measurements
have revealed intriguing trends with respect to planet and stellar host properties
(Winn, Fabrycky, et al., 2010; Mazeh et al., 2015; Louden et al., 2021) that have
far-reaching implications for planet formation, migration, orbit tilting, and tidal
realignment (Winn and Fabrycky, 2015). In this work, we placed constraints on
a similar yet distinct geometric property of planetary systems, i.e., the alignment
between a planetary orbit and that of a comoving companion star. We measured the
angle y between the 2D relative position and velocity vectors of the planet host and
companion in the sky plane. This angle y cannot be translated to the true mutual
inclination @ on a system-by-system level due to its dependence on other orbital
elements, particularly the orbital eccentricity. However on a population level, it is
possible to marginalize over various Keplerian orbital elements and subsequently

deduce the underlying « distribution from the observed distribution of y.

The 2D relative velocity vector magnitude can potentially provide additional in-
formation on the true mutual inclination @. To investigate this, we computed the
normalized relative motion x4 = u/u* for each system, where y is the proper motion
magnitude and u* is the relative orbital motion (Tokovinin and Kiyaeva, 2016). In
Figure 3.11, we show the measured 2D distribution of ¢ andy. u’ is subject to more
measurement uncertainty (e.g., the total mass of the binary system). Moreover, our
sample size is too small to warrant 2D analysis. We chose to focus on the more

informative y distribution.

Before assessing the observed vy distributions, we consider a related question: do we
expect any correlation between the spin axis of a star and the orbit of its comoving
companion? Considering a simple core accretion model, one might assume that
planets form within a protoplanetary disk that is well-aligned with the spin axis of
the host star. If there is a distant comoving star in the system, would the companion
orbit also be coplanar with the inner planetary system? Hale (1994) argued that
the rotation axis of a star and the orbit of a close-in companion within <30 AU
are aligned based on a comparison between vsini measurements and stellar rotation
periods. However the situation is less clear for more distant binaries which make
up the majority of our current sample. Moreover, recent analysis by Justesen
and Albrecht (2020) of a larger, more well-constrained sample from TESS proved
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insufficient for deriving spin-binary orientations, even for close-in binaries.

If the companion orbit is uncorrelated with the planetary orbit and host star spin axis,
we would expect an isotropic distribution of y (Fig. 3.8, gray distribution). However,
our results suggest that both Kepler-like and close-in giant systems may exhibit non-
isotropic 7y distributions, though with low statistical significance (Alog(Z) = 1.1
and 2.0, respectively). Specifically, 731‘5% of Kepler-like systems appear to favor
alignment between the transiting planet and companion orbits, exhibiting a typical
mutual inclination « of approximately 35 + 24°. On the other hand, 653(5’ % of close-
in giants appear to favor perpendicular orientations between the transiting planet
and companion, exhibiting mutual inclinations « that cluster around 89 + 21°. Asa
comparison nonparametric method, we applied Kuiper’s test to our architecture sub-
samples, which is well-suited to quantifying deviations from uniformity for angular
data (e.g., Fisher 1993). We derived test statistics of 0.73 and 0.58 for the close-in
giant and Kepler-like systems, respectively. This indicates borderline significant
deviation from uniformity for the close-in giants and less significant deviation for

Kepler-like systems, in agreement with our Bayes factor results.

There are 20 systems in our sample with reported stellar obliquity 4 measurements
derived using the Rossiter-McLaughlin effect (Rossiter, 1924; McLaughlin, 1924).
Comparison of y and these A values reveals another interesting trend; the planets
that are misaligned with their host stars according to obliquity measurements (9
systems with 4 > 30°) also display y angles near 90° (Figure 3.12). These perpen-
dicular y values indicate relatively face-on orbits for the comoving binaries, which
in turn betray misaligned orbits between the planets and comoving companions.
We performed a simple binomial probability calculation: if we assume a uniform
distribution for y between 0—180° as expected from an isotropic planet-companion
orientation, the probability that all of the 9 high-A systems will fall within the
observed range of 40 < y < 140° is about ~1%. We note that is an a posteriori
result; we devised this statistical test based on observations of the data. The true
probability of finding all 9 systems within the observed range is likely several times
higher than 1%. Still, the correlation between A and vy is obvious, and suggests that
close-in giants that are misaligned with their host stars are likely also misaligned
with comoving companions. This result, if confirmed by future studies, may have
implications for which proposed mechanisms are most effective at tilting planetary

orbits (e.g., Fabrycky and Tremaine 2007; Dawson and Johnson 2018).

However, we emphasize the low statistical significance of the planet-companion
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alignment. The Kepler-like and close-in giant systems favor non-isotropic y distri-
butions with only small Bayes factor values of Alog(Z) = 1.1 and 2.0, respectively.
This low significance can be partly attributed to the small size of our TOI sample
resulting from our various data quality cuts. Moreover, Gaia EDR3 equatorial coor-
dinates, proper motions, and parallaxes were all solved assuming a single-star model,
which is bound to introduce systematic errors of varying extent into our sample of
comoving binaries as discussed earlier in Section 3.2. Finally, y is an indirect proxy
for the true mutual inclination @ between the planet and companion orbits; it cannot
be translated to the true planet-companion mutual inclination without knowledge of

other Keplerian orbital elements.

Nevertheless, our alignment trend findings echo recent results that point to an
excess of perpendicular planetary systems. In particular, Albrecht et al. (2021)
found a significant preference for misaligned geometries amongst 57 close-in giant
systems as evinced by their true, 3D obliquity measurements. If this excess of
polar orbits is corroborated by future studies, it could illuminate which obliquity
excitation mechanisms predominantly shape planet architectures. Future alignment
analyses will also be aided by upcoming Gaia data releases; individual astrometric
measurements will be provided in the full, final data release of the nominal mission
that will make it possible to directly constrain orbital inclinations for a subset of our
sample, thus enabling a more direct and definitive investigation of planet-companion

alignment.
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Chapter 4

PLANET ENGULFMENT DETECTIONS ARE RARE
ACCORDING TO OBSERVATIONS AND STELLAR MODELING

Behmard, Aida et al. (May 2023). “Planet engulfment detections are rare according
to observations and stellar modelling”. In: Monthly Notices of the Royal Astro-
nomical Society 521.2, pp. 2969-2987. por: 10.1093/mnras/stad745. arXiv:
2210.12121 [astro-ph.EP].

Abstract

Dynamical evolution within planetary systems can cause planets to be engulfed by
their host stars. Following engulfment, the stellar photosphere abundance pattern
will reflect accretion of rocky material from planets. Multi-star systems are excellent
environments to search for such abundance trends because stellar companions form
from the same natal gas cloud and are thus expected to share primordial chemical
compositions to within 0.03—-0.05 dex. Abundance measurements have occasion-
ally yielded rocky enhancements, but few observations targeted known planetary
systems. To address this gap, we carried out a Keck-HIRES survey of 36 multi-
star systems where at least one star is a known planet host. We found that only
HAT-P-4 exhibits an abundance pattern suggestive of engulfment, but is more likely
primordial based on its large projected separation (30,000 + 140 AU) that exceeds
typical turbulence scales in molecular clouds. To understand the lack of engulfment
detections among our systems, we quantified the strength and duration of refrac-
tory enrichments in stellar photospheres using MESA stellar models. We found that
observable signatures from 10 Mg engulfment events last for ~90 Myr in 1 Mg
stars. Signatures are largest and longest lived for 1.1-1.2 M, stars, but are no longer
observable ~2 Gyr post-engulfment. This indicates that engulfment will rarely be

detected in systems that are several Gyr old.

4.1 Introduction

Gravitationally bound stars form from the approximately homogeneous material of
their shared natal gas cloud; it follows that differences in their elemental abundances
are expected to fall within the small range of chemical dispersion observed in

stellar clusters and associations (e.g., De Silva, Freeman, Asplund, et al. 2007;
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De Silva, Freeman, and Bland-Hawthorn 2009; Bland-Hawthorn, Krumholz, and

Freeman 2010). However, several studies have found abundance differences >0.05
dex! between stars in binary systems (e.g., Ramirez, Meléndez, et al. 2011; Mack,
Schuler, et al. 2014; Tucci Maia, Meléndez, and Ramirez 2014; Teske, Ghezzi, et al.
2015; Jofré et al. 2021), with extreme cases exhibiting differences up to ~0.2 dex
(Oh, Price-Whelan, Brewer, et al., 2018).

There are various proposed mechanisms for these abundance differences related
to planet formation. For example, observed refractory element depletion can be
attributed to missing solid material locked up in rocky planets. Meléndez et al.
(2009) put forward this scenario to explain the Sun’s observed depletion pattern,
but noted that it only makes sense if the combined mass of the Solar System
terrestrial planets is removed from just the solar convective zone. It is possible
that dust-depleted gas was accreted onto the Sun 10-25 Myr after Solar System
formation, once the solar convective zone began shrinking to its current mass fraction
(~2%, Hughes, Rosner, and Weiss 2007). However, only 1% of stars with ages
>13 Myr show signs of accretion (White and Hillenbrand, 2005; Currie et al.,
2007), indicating that late-stage accretion after the protoplanetary disk has dissipated
(typical lifetimes 1-3 Myr, Li and Xiao 2016) is rare. Thus, we do not expect that
sequestration of refractory material in planets will produce strong depletion signals.
Alternatively, Booth and Owen (2020) suggested that depletion trends may emerge
from gaps in protoplanetary disks created by forming giant planets. These gaps
could create pressure traps that prevent accretion of refractory material onto the

host star.

Abundance differences can also be produced from refractory enrichment. A par-
ticularly promising scenario for producing strong enrichment signals is planet en-
gulfment, which could deposit large amounts of rocky planetary material within the
convective regions of engulfing stars. Spectral analysis of polluted white dwarfs pro-
vide strong evidence for accretion of planetary remnants (e.g., Zuckerman, Melis, et
al. 2010; Koester, Géansicke, and Farihi 2014; Farihi 2016), with some white dwarfs
exhibiting surface abundance patterns that closely match bulk Earth composition
material (e.g., Zuckerman, Koester, et al. 2007; Klein et al. 2010). There is also
evidence for planet engulfment in solar-like stars. For example, Oh, Price-Whelan,

Brewer, et al. (2018) recently reported a strong (~0.2 dex) potential signature of

'In this work, we adopt the standard “bracket” chemical abundance notation [X/H] = A(X) -
A(X)e, where A(X) = log(nx/nyg) + 12 and nx is the number density of species X in the star’s
photosphere.
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planet engulfment in the HD 240429-30 (Kronos-Krios) system. We investigate

abundance differences between stellar companions through the lens of planet en-
gulfment here. Throughout this study, we use the term engulfment to reference
planetary material ingestion events that occur prior to post-main sequence host star
expansion, such as refractory material accretion due to dynamical scattering during

the early stages of system evolution.

There are ten binary systems reported in the literature with one star significantly
enhanced in refractories (>0.05 dex) compared to its stellar companion. Among
these ten systems, seven host known planets (Ramirez, Meléndez, et al., 2011; Mack,
Schuler, et al., 2014; Tucci Maia, Meléndez, and Ramirez, 2014; Teske, Ghezzi,
et al., 2015; Ramirez, Khanal, Aleo, et al., 2015; Biazzo et al., 2015; Teske, Khanal,
and Ramirez, 2016; Saffe, Jofré, Martioli, et al., 2017; Tucci Maia, Meléndez,
Lorenzo-Oliveira, et al., 2019; Jofré et al., 2021). Depending on the study, four to
seven of these planet host systems have refractory differences that trend with conden-
sation temperature 7, (Table 3.1). We expect a T.-dependent differential abundance
pattern following planet engulfment; in the absence of engulfment, elements with
higher 7, are more likely to be condensed throughout the disk and become locked
in solid planetary material. Conversely, elements with lower 7;. are more likely to
reside in the gas phase and become depleted through accretion onto the host star.
Thus, rocky planetary compositions are dictated by the radial temperature gradient
in the disk, with higher abundances of refractory species in order of 7,.. Additionally,
a T.-dependent differential abundance pattern is not expected to result from stellar

processes alone.

There have been a few differential abundance studies for larger samples. For exam-
ple, Hawkins et al. (2020) reported abundances for 25 comoving, wide binaries and
found that while 80% (20 pairs) are homogeneous in [Fe/H] at levels below 0.02
dex, the five remaining systems exhibit A[Fe/H] ~ 0.10 dex. If we assume that these
refractory enhancements indicate planet engulfment, they imply an engulfment rate
of 20%. However, the authors did not recover a strong 7, trend for any of the A[Fe/H]
~ 0.10 dex systems, suggesting that the abundance differences may stem from other
processes. The absence of a strong 7 trend could also be attributed to a lack of low
T. element measurements in the Hawkins et al. (2020) sample, which makes the 7,
trend difficult to discern, or abundance measurement error. More recently, Spina
et al. (2021) analyzed differential abundances among 107 binary systems. While
they did not assess 7, trends, they found that ~20—35% of their sample exhibits
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large refractory-to-volatile abundance ratios that may be indicative of engulfment.
While these results are intriguing, they highlight the need for further high-precision

abundance studies that consider 7, to constrain the true rate of planet engulfment.

Understanding the conditions and prevalence of planet engulfment is vital for map-
ping the fate of refractory material within planetary systems. There are multiple
lines of evidence that solid planetary material is predominantly refractory. For ex-
ample, white dwarf pollution patterns from planet debris exhibit rocky compositions
(Xu et al., 2019; Putirka and Xu, 2021), and the bulk densities of several super-Earth
exoplanets, e.g., the TRAPPIST-1 planets and Kepler-93b (Dressing et al., 2015),
are indicative of Earth-like rock-iron ratios. Thus, the building blocks of planets
are sourced from the dusty component of protoplanetary disks. However, it is not
clear how much disk dust becomes locked in planets or sequestered in debris disks
(e.g., Booth and Owen 2020), is engulfed by the host star following a combination of
radial drift and dynamical interactions, or is blown out of the system. In other words,
we have not quantified the efficiency of planet formation. Refractory enhancements
in planet host stars due to engulfment can be used to back out mass measurements
of polluting refractory material, which will shed light on how much mass went into
planets or was trapped in the outer disk, and how that mass was redistributed in the

system after the disk dissipated.

The prevalence of planet engulfment also has implications for stellar chemical
evolution. Stars are born together in clusters, but disperse on timescales of ~100
Myr post-intracluster gas removal (Krumholz, McKee, and Bland-Hawthorn, 2019).
Galactic archaeology attempts to link stars back to their siblings through chemical
tagging that can trace the chemical and kinematic evolution of the Milky Way.
However, chemical tagging relies on the assumption that such stellar siblings are
coeval and share the same elemental abundance patterns to within 0.03—0.05 dex
(e.g., De Silva, Freeman, Asplund, et al. 2007; Bovy 2016; Ness et al. 2018).
This assumption may not be true if planet engulfment is a common phenomenon.
Indeed, it has been suggested that observations of significant chemical dispersion
observed within stellar clusters and associations, such as inhomogeneities in neutron
capture elements within the open cluster M67 (Liu, Asplund, Yong, et al., 2016),
and abundance differences at the 0.02 dex level for 19 elements in the Hyades open
cluster (Liu, Yong, Asplund, Ramirez, et al., 2016), are due to planet engulfment
(Oh, Price-Whelan, Hogg, et al., 2017; Ness et al., 2018).

In addition, there are no high-precision abundance surveys that specifically targeted
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planet hosts. Assessing engulfment signatures in systems with existing planets is
important for understanding the dynamical conditions that may give rise to planet
engulfment, such as planet-planet scattering in multi-planet systems (Rasio and
Ford, 1996; Weidenschilling and Marzari, 1996). To fill this gap, we carried
out a survey with the Keck High Resolution Echelle Spectrometer (HIRES) of
36 confirmed planet host systems with stellar companions to investigate the role
of engulfment in planetary system evolution, and shed light on which dynamical
pathways may dominate. For more details on the sample, see Section 4.2. The
abundance analysis and engulfment model used to derive mass measurements of
engulfed material are presented in Sections 4.3 and 4.4, respectively. Our MESA
analysis is outlined in Section 4.5. The results of our survey are presented in Section
4.6, and are compared to previously published results in Section 4.7. Implications
for planet engulfment and chemical homogeneity in multi-star systems are discussed

in Section 4.8. Finally, we summarize our findings in Section 4.9.

4.2 Planet Engulfment Sample

Our planet engulfment sample consists of multi-star systems where at least one
star is a confirmed planet host. The sample is largely sourced from the Mugrauer
(2019) catalog of 207 confirmed planet hosts with stellar companions at separations
of <9100 AU, compiled from the second data release of the Gaia mission (Gaia
DR2, Gaia Collaboration et al. 2018). The companions were identified through a set
of astrometric conditions based on the parallax and proper motion measurements
of each planet host star and potential companion. Specifically, a cut on a quantity
referred to as the common proper motion (CPM) index by Mugrauer (2019), defined
as |1pH — teomp|/tret, where ppy and peomp are the proper motions of the exoplanet
host star and potential companion, and ,.; is their relative tangential velocity.
Mugrauer (2019) defined bound companions as those with a CPM-index > 3, and
a difference in parallax Amr < 3 mas. When met, these conditions indicate that the
pair of stars share a common proper motion and are thus gravitationally bound. For

more details on the companion selection criteria, see Mugrauer (2019).

We applied a projected separation cut of >1.5” to ensure that the two stars would
be cleanly resolved by Keck-HIRES, as well as an effective temperature cut of T
= 4700-6500 K. The latter cut was applied because the spectral synthesis code
used for our abundance analysis (Spectroscopy Made Easy, SME) does not produce
reliable abundances outside of this temperature range (Valenti and Piskunov 1996;

Brewer, Fischer, et al. 2016). For the companions, we used their T, values reported
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in Mugrauer (2019). These were determined from absolute G-bands magnitudes
and the Baraffe et al. (2015) (sub)stellar evolution models assuming an age of 5
Gyr, which is the average age of systems in the Mugrauer (2019) sample. For
the planet hosts, we used the most recently reported 7. from the NASA Exoplanet
Archive?. We foreshadow here that SME provides more accurate T.¢ measurements
(typical errors are 7—14 K due to varying SNR levels, added in quadrature with an
additional 25 K stemming from instrumental and stellar sources, e.g., the spectral
line spread function (SLSF) or point spread function (PSF), telluric lines, and stellar
activity Brewer and Fischer 2018), so this cut was redone after collecting spectra for
our targets and running them through SME. This eliminated a further seven systems,
which is described in more detail below. However at this point, we were left with 35
systems. We augmented this sample by searching for stellar companions to planet
hosts that met these criteria in the NASA Exoplanet Archive, which resulted in an
additional two systems (HAT-P-4 and WASP-180). Eleven of the 37 planet host
binaries qualify as stellar twins (AT < 200 K, Andrews et al. 2019), which are
well suited to differential abundance analyses given their near-identical evolutionary
states. All systems in our sample were verified to host confirmed planets according
to the NASA Exoplanet Archive®. Finally, we removed any systems that display
evidence of spectroscopic binary contamination in their spectral cross-correlation;
such contamination will lead to inaccurate SME abundance predictions. This was

the case for ¢! Dra, leaving 36 systems.

The final sample of 36 systems contains 28 binaries and eight triples. Though four of
the eight triples are hierarchical, we determined that the spectra of individual stars in
these systems are not blended with those of nearby companions using the ReaMatch
code (Kolbl et al., 2015). We also ensured that the planet hosts and their stellar
companions have similar rotational velocities by checking that their v sini agree to
within ~10 km/s. Each of the triple systems has only one stellar companion that
meets the T.¢ and projected separation criteria. Thus, two stars were always analyzed
per system. The equatorial coordinates, Tef, logg, M., Gaia Early Data Release
3 (ER3)-sourced RVs, parallaxes, proper motions, and V-band magnitudes of stars
in the sample are listed in Table 4.2. Some sources are missing RV measurements
because they do not meet the Gaia DR2/EDR3 RV criteria of G-band magnitudes
less than ~13, or were deemed inaccurate due to companion contamination (Boubert
et al., 2019). Among the 36 systems, ten have existing high-precision abundance
measurements (HAT-P-1, HD 20781-82, XO-2, WASP-94, HAT-P-4, HD 80606-07,

2https ://exoplanetarchive.ipac.caltech.edu/
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Figure 4.1: The radii vs. orbital period distribution for planets in our sample.
Hot/warm Jupiters are defined as planets with R > 8 Rg and P < 100 days, hot/warm
sub-Saturns with 4 Rg < R < 8 Rg and P < 100 days, cold Jupiters with R > 8
Rg and P > 100 days, and super-Earths/sub-Neptunes with R < 4 Rg. Planets that
share the same host star are connected by dashed lines.

16-Cygni, HD 133131, HD 106515, WASP-160; Table 3.1) derived from the MOOG
spectral synthesis code (Sneden, 1973; Sobeck et al., 2011) that can be compared

with predictions from SME.

The engulfment sample systems span a wide range of planetary architectures that
include super-Earths/sub-Neptunes, compact multi-planet systems, and giant planets
at a range of orbital periods (Table 4.3). Figure 4.1 shows the radii versus rotation
periods for all planets in the engulfment sample. For planets lacking reported radius
measurements according to the NASA Exoplanet Archive?, we derived radii from
mass measurements with the following power-law mass-radius relation that assumes

Earth-like compositions (Rubenzahl et al. in prep.):

M =CR" 4.1)

where the C and y were constrained to values of 0.83 and 3.52 using a sample of
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122 confirmed exoplanets with Keck-HIRES spectra and precise radii measurements.
For planets massive enough to host gaseous envelopes greater than 1% by mass, the

envelope mass was accounted for by assuming a gas density of 0.417 g cm™>

as
constrained with the Rubenzahl et al. (in prep.) planet sample. We include errors
bars on planet radii measurements in Figure 4.1 if they are reported in the NASA

Exoplanet Archive®.

4.3 Stellar Abundance Analysis

We obtained spectra for these stars with HIRES at the Keck I 10 m telescope (Vogt
et al., 1994) using procedures from the California Planet Search. Howard et al.
(2010) provides descriptions of the observing and analysis procedures. We used
the C2 decker for targets with V-band magnitudes fainter than 10 mag, and the
BS5 decker for targets with V-band magnitudes of 10 mag or brighter. The HIRES
spectra are high-resolution (R ~ 50,000) with high signal-to-noise ratios per pixel
(SNR > 40/pixel, with ~50% having SNR > 100/pixel). The wavelength range
utilized spans 350 A of the spectrum in specific segments between 5164 A and
7800 A, as described in Brewer, Fischer, et al. (2016) for their SME implementation.
Our choice of SNR ~ 40-400/pix for the engulfment sample HIRES observations
was motivated by the expected SME prediction precisions as a function of SNR; for
HIRES spectra with SNR = 40-100/pix, SME achieves precisions of 0.01-0.05 dex
in [X/H] for the following elements: C, N, O, Na, Mg, Al, Si, Ca, Ti, V, Cr, Mn,
Fe, Ni, Li, and Y (e.g., Brewer, Fischer, et al. 2016; Brewer and Fischer 2018).
The refractory species alone (Fe, Ti, Al, etc.) achieve higher precision of 0.01-0.03
dex, which translates to detections at the ~1 Mg level according to the Oh, Price-
Whelan, Brewer, et al. (2018) model used for their analysis of engulfment in the
Kronos-Krios system. This precision is sufficient for detecting signatures of planet
engulfment, i.e., refractory enhancements, at levels of >0.05 dex (e.g., Ramirez,
Khanal, Lichon, et al. 2019). For reference, an abundance difference of A[X/H]
= 0.05 dex corresponds to ~2 Mg of engulfed solid material assuming a solar-like
convective zone mass of M., = 0.02 M, (Saffe, Jofré, Martioli, et al., 2017).

The SME-determined stellar parameters (7.g, logg) for the engulfment sample are
provided in Table 4.2. The SME stellar parameters are more accurate than those
initially used to select our engulfment sample, and seven stars (WASP-3 C, HD
23596 B, PRO211 B, HAT-P-41 B, Kepler-410 B, WASP-70 B, Kepler-1150 B)
have SME-determined 7. below our sample cutoff 4700 K. Thus, these systems

were removed from our engulfment analysis, leaving 29 binaries in our sample that
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include all eleven twin systems. The SME-determined abundances are given in Table
4.4, and associated errors in Table 4.5. The abundance errors are estimated from
two sources: the SNR of the HIRES spectra as mentioned above, and the scatter in
measured abundances from different observations of the same target. To quantify
how these error sources affect abundance predictions, Brewer and Fischer (2018)
ran SME on a set of simulated solar and cool star spectra with varying amounts of
added Gaussian random noise that mimic varying SNR levels (Table 2, Brewer and
Fischer 2018). We conducted a similar investigation with real data using Keck-
HIRES observations of eight bright stars spanning a range of T.¢ and [Fe/H] at
five different SNR levels, and found that the scatter in SME-determined abundances
agrees with the abundance errors reported in Brewer and Fischer (2018). This error

analysis is described more fully in the Appendix.

Lithium Measurements

Lithium abundances provide an independent line of evidence for planet engulfment.
Unlike other refractory species, lithium is destroyed in thermonuclear reactions at
comparatively low temperatures (T ~ 3 x 10 K). This makes observable lithium
enrichment signatures short-lived in stellar photospheres (Berger, Howard, and
Boesgaard 2018), with signatures lifetimes varying as a function of stellar mass
(~50 Myr-5.5 Gyr for 0.7-1.3 Mg, Sevilla, Behmard, and Fuller 2022). Thus,
enhanced surface lithium in stars that are not particularly young may signify recent
events that modified stellar chemistry beyond birth compositions, such as planet

engulfment.

The Li I doublet at 6708 A was used to measure Li abundances for our sample of
planet host binaries. First, we derived Li equivalent width (EW) measurements.
This was done with spectra that were continuum-normalized through removal of
the blaze function, then Doppler-corrected through cross-correlation with the rest-
wavelength, National Solar Observatory solar spectrum (Wallace et al., 2011) as
implemented in the SpecMatch-Emp package (Yee, Petigura, and von Braun, 2017).
We followed the procedure outlined in Berger, Howard, and Boesgaard (2018) to
calculate Li EWs. In brief, the LMFIT (Newville et al., 2014) Levenberg-Marquardt
minimization routine implemented in Python was used to fit a four component
composite model to the Li I doublet region. The components consisted of a constant
to accommodate the continuum, two Gaussians for the two Li I features at 6707.76
A and 6707.91 A, and another Gaussian for the nearby Fe I feature at 6707.44 A.

Only the continuum constant and two Li I Gaussians were considered in the Li
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EW calculation. Li EW measurement uncertainties were taken as the quadratic
sum of the statistical photometric error due to SNR/pixel, and the range in EW
measurements when modifying the continuum placement (Cayrel, 1988; Bertran de
Lis et al., 2015).

Li abundances were derived from the EW measurements with the MOOG (Sneden,
1973) spectral synthesis code. We chose MOOG over SME because the SME line list in
our implementation from Brewer, Fischer, et al. (2016) does not include Li spectral
features. Instead, we used the MOOG blends routine. MOOG was implemented via
the Python wrappers pymoog? and pymoogi#, where pymoog was used to select an
appropriate model atmosphere from a provided library of Kurucz ATLAS9 model
grids, and the Li abundances were calculated via the blends routine contained in
pymoogi from Li EW measurements. In this step, the errors on stellar parameters
were incorporated by simultaneously sampling from Gaussian distributions with
widths equal to the uncertainties on T.g, logg, and [Fe/H] 100 times. The scatter
of the resulting abundance measurements was then added in quadrature with the
difference in Li abundance from including the Li EW uncertainty discussed above.
The result is our total Li abundance uncertainty. The engulfment sample Li EWs
and abundances are provided in Table 4.6, along with their expected AA(L1) values
only considering the difference in 7.g between the companions, which will be non-
zero even in the absence of engulfment (Randich and Magrini, 2021). Only a
AA(L1) value between companions that exceeds this expected value may indicate

engulfment.

4.4 Engulfment Model

We present a framework similar to that of Oh, Price-Whelan, Brewer, et al. (2018)
for estimating the remaining mass of bulk Earth composition (McDonough, 2003)
material engulfed in one star given abundance measurements for a binary pair. We
emphasize remaining here because the initial refractory enrichment in stellar pho-
tospheres following engulfment is depleted over time; once the system is observed,
there will be less refractory material in the engulfing star photosphere than was
immediately present after the engulfment event (see Section 4.5 for our analysis of

engulfment signature timescales and depletion mechanisms).

From the stellar abundances of the engulfing star [X/H], we can express the mass

fraction of each element X as:

3https ://github.com/Mingjielian/pymoog/
4https ://github.com/madamow/pymoogi/
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108

_mx 42
> 10 (4.2)

f X,photo =
where myx is the mass of each element in atomic mass units. We note that this
approach of computing mass fraction rather than number density fraction should
be appropriate for our systems, namely binaries composed of stars with low Z.
Assuming a total mass of accreted material M,.. and accreted mass fractions for

each element fx ,cc, the abundance difference is

fX,photo fcz M. + fX,acc Macc
fX,photo fcz M.

A[X/H] =log,, , 4.3)
where f.. is the mass fraction of the stellar convective zone. Similar calculations
have been performed by, e.g., Chambers (2010) and Mack, Schuler, et al. (2014)
and Mack, Stassun, et al. (2016). For more details on the engulfment model, see
Oh, Price-Whelan, Brewer, et al. (2018). Because the modeled amount of polluting
material derived from refractory enhancements depends on the convective zone
mass M., we adjusted M, to the stellar type of the engulfing star according to the
T.-M, relation in Pinsonneault, DePoy, and Coffee (2001). We tested our model
by applying it to the reported abundances of the Kronos-Krios system, which were
also derived from Keck-HIRES spectra and SME (Brewer, Fischer, et al., 2016).
The model recovered 13.68 +1.93 Mg of bulk Earth composition engulfed mass
(Figure 4.2), in good agreement with the reported engulfed mass of ~15 Mg from
Oh, Price-Whelan, Brewer, et al. (2018).

Our engulfment model employs the dynesty nested sampling code (Speagle, 2020)
to determine the Bayesian evidence for the engulfment model or a flat model of
differential abundances as a function of 7, shown in Figure 3.2 as the long-dash
line. The flat model represents the case of no engulfment. We found that the
engulfment model is preferred over the flat model for the Kronos-Krios system with

a Bayesian evidence difference of Aln(Z)> = 15.8.

Bayesian Evidence
To determine the Bayesian evidence difference Aln(Z) that indicates a strong engulf-

ment detection, we compared samples of simulated engulfment and non-engulfment

>The Bayesian evidence Z is defined as the ratio of probabilities of getting data D assuming the

engulfment or flat model: Z = —P}S(DDlm%”K‘)f )
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Figure 4.2: Fitted model to the differential abundance measurements between HD
240429 (Krios) and HD 240430 (Kronos) (Oh, Price-Whelan, Brewer, et al., 2018).
Blue circles represent the abundance differences from Oh, Price-Whelan, Brewer,
et al. (2018), and black dots are our model fit with 13.68 + 1.93 Mg of bulk
Earth composition engulfed material added to the convective zone of one star. The
abundances are ranked by 7. of elements for solar-composition gas from Lodders
(2003). The amount of modeled engulfed material and fitted scatter is provided in
the lower right corner of the plot. The null hypothesis (no engulfment, but uniform
abundance enrichment across all elements for one star) is shown by the long-dash
line.

systems. The synthetic engulfment sample was constructed by randomly drawing
1000 systems from our twin binary systems. We drew from ten of our eleven twin
systems because we excluded HAT-P-4 given its potential engulfment status (see
Section 4.6). We took the planet host abundances for both stars to begin with as
A[X/H] =0 across all elements, and then we added 10 Mg of bulk Earth composition
material into the convective zone of the planet host star. Intrinsic scatter was then
added to the abundances of the companion star according to the observed abundance
scatter of 20 chemically homogeneous (A[Fe/H] < 0.05 dex) wide binaries reported
in Hawkins et al. (2020) (0.067 dex, 0.05 dex, 0.052 dex, 0.029 dex, 0.039 dex,
0.03 dex, 0.11 dex, 0.046 dex, 0.12 dex, 0.05 dex, 0.06 dex, 0.044 dex, 0.091 dex
for C, Na, Mn, Cr, Si, Fe, Mg, Ni, V, Ca, Ti, Al, Y, respectively). Abundances
for N and O were not provided in Hawkins et al. (2020), so we instead used the
M67 open cluster scatter reported for these elements (0.015 dex and 0.022 dex for
N and O, respectively, Bovy 2016). Further scatter was added to the companion
star abundances as a function of SNR according to Brewer and Fischer (2018) to
mimic observations. The simulated non-engulfment systems were constructed by
again randomly drawing 1000 systems from the twin binaries, but again excluding

HAT-P-4 given its potential engulfment status. The abundances of the stars were
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Figure 4.3: The left panel displays the difference in Bayesian evidence values
between the engulfment and flat models Aln(Z) for the eleven twin systems in
our engulfment sample (black), with the two Aln(Z) probability density functions
for simulated systems that have (red) or have not (blue) undergone engulfment.
These synthetic samples are each composed of 1000 systems randomly drawn with
replacement from our ten twin systems (excluding HAT-P-4). For the simulated
engulfment systems, we added 10 Mg of bulk Earth composition material to the
planet host star assuming even distribution throughout the stellar convective zone,
and computed abundances according to our engulfment model. The synthetic
engulfment and non-engulfment distributions exhibit significant overlap. The right
panel displays Aln(Z) values corresponding to 0.1-100 Mg simulated engulfment
systems. The colors represent the engulfing star convective zone mass, and the
maximum Aln(Z) value for the synthetic non-engulfment distribution of 9.15 is
marked by the dashed line.

not modified at all because we assumed that these real observations correspond to
non-engulfment systems, but we again included scatter according to the 20 chem-
ically homogeneous Hawkins et al. (2020) wide binaries. We randomly chose the
direction between the two companions when computing the differential abundances

for the simulated non-engulfment pairs.

We then ran both samples through our engulfment model machinery to determine
Aln(Z) for each simulated system. The Aln(Z) probability density distributions
for the synthetic engulfment and non-engulfment samples are shown in the left
panel of Figure 4.3. The synthetic engulfment and non-engulfment distributions
exhibit significant overlap, with ~55% of engulfment systems overlapping with the
non-engulfment distribution. We conclude that our spectroscopic measurements
and Aln(Z) analysis cannot identify nominal engulfment events (10 Mg) with great
confidence. We also constructed another synthetic engulfment sample drawn from
our ten twin systems excluding HAT-P-4, but with 0.1-100 Mg added rather than
10 Mg (Figure 4.3, right panel). This illustrates the Aln(Z) range resulting from
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a large set of different engulfed masses. Many of the simulated systems with
<10 Mg engulfment reside to the left of the maximum Aln(Z) value for simulated
non-engulfment systems, marked by the dashed line (Aln(Z) = 9.15). This further
underscores that many signatures resulting from nominal 10 Mg engulfment events
will not be identifiable with our Aln(Z) analysis. The scatter in simulated engulfed
mass versus Aln(Z) is due to the varying stellar types of our twin systems, which
result in different convective zone volumes and refractory enrichment levels for each

engulfed mass amount.

4.5 Engulfment Signature Timescales

Stellar interior mixing processes deplete refractory enrichments in convective zones
and weaken engulfment signatures over time. The most efficient of these processes
is thermohaline mixing, a form of double-diffusive convection that operates in the
presence of an inverse mean-molecular-weight (u) gradient (e.g., Ulrich 1972; Kip-
penhahn, Ruschenplatt, and Thomas 1980). Accreted planetary material is initially
contained within the engulfing star’s convective zone, and will create an inverse
p-gradient at the convective zone base by virtue of being relatively heavy. This
allows thermohaline mixing to drag engulfed material across the boundary between
the convective zone and radiative stellar interior, thus attenuating photosphere re-

fractory enrichments that compose engulfment signatures.

We ran tests with the stellar evolution code MESA to constrain the timescales of
observable engulfment signatures considering interior mixing processes such as
thermohaline instabilities. The tests involved modeling stars with masses ranging
from 0.7 to 1.2 M up to the zero-age main sequence (ZAMS), simulating engulf-
ment of 1, 10, or 50 Mg planets via rapid accretion of bulk Earth composition
material (McDonough, 2003), and evolving the stars up to the end of their main
sequence lifetimes. While the 0.7—1.2 Mg mass range covers ~80% of our en-
gulfment sample, there are 14 stars that have masses >1.2 My. We initially tested
MESA models with masses of 1.3 Mg and 1.4 M, but found their engulfment signa-
ture depletion behavior to be erratic and difficult to interpret, likely due to missing
physics in MESA relevant for this mass regime. For this reason, we confined our
MESA models to 0.7-1.2 My. For each engulfment model, we ran another model
of the same stellar mass but lacking bulk Earth accretion. The differential abun-
dances produced by MESA between the engulfment and non-engulfment models thus
mimic those of our binary observations. Relevant mixing processes were applied

throughout these MESA runs, namely convective overshoot, elemental diffusion,
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radiative levitation (though we do not expect it to matter at these low stellar masses,
e.g., Deal et al. 2020), and thermohaline mixing. Thermohaline was included in
these models according to the prescription of Brown, Garaud, and Stellmach (2013),
which provides a more accurate estimate of mixing efficiency compared to previous
implementations (e.g., Kippenhahn, Ruschenplatt, and Thomas 1980). For more
details on our MESA modeling procedure, see Sevilla, Behmard, and Fuller (2022)
and Behmard, Sevilla, and Fuller (2023).

We note that 10 Mg engulfment amounts can be considered nominal as runaway
gas accretion is triggered by formation of a solid 10 Mg core according to the
core accretion model of planet formation (Wuchterl et al., 2000). Thus, most
planets are expected to contain <10 Mg of refractory material. For 0.7 Mg stars,
engulfment of a 10 Mg planet does not produce observable enrichment (A[X/H] >
0.05 dex) considering the chemical dispersion observed in coeval stellar populations
(0.03-0.05 dex, e.g., De Silva, Freeman, Asplund, et al. 2007; Bovy 2016; Ness
et al. 2018). This is due to their deep convective envelopes, which heavily dilute
accreted refractory material. This effect is less pronounced for more massive stars
with thinner convective envelopes; solar-like stars (0.8—1.2 M) exhibit enrichments
of ~0.06—-0.33 dex following engulfment of a 10 Mg planet. Stars in the 0.8—-0.9 Mg,
mass range still have moderately deep convective zones, so the initial enrichment
is not significantly greater that 0.05 dex, and drops below this level after ~20 Myr
have passed. 1 Mg stars maintain >0.05 dex enrichment for a longer period of
~90 Myr. This timescale is still quite small compared to typical main sequence
lifetimes, implying that it will be nearly impossible to detect engulfment in 1 Mg
stars even if it happened. Higher mass stars of 1.1-1.2 Mg exhibit the largest and
longest-lived signatures, which remain above 0.05 dex levels for ~2 Gyr. Thus,
these stars are the best candidates for engulfment detections. The 1.2 Mg model
exhibits a spike in iron photospheric abundance back to observable levels ~5 Gyr
after engulfment due to radiative levitation. This spike lasts for ~2 Gyr, so it is
possible that engulfment could also be detected in 1.2 M, stars if they are observed
within the window of ~5—7 Gyr post-engulfment. However radiative levitation may
be quite sensitive to stellar metallicity and poorly understood mixing processes not
included in MESA (e.g., turbulence and rotational mixing). Thus, the ~5-7 Gyr
post-engulfment detection window for 1.2 M, stars may not be reliable. Refractory
depletion behavior for 10 Mg engulfment across the 0.7—1.2 M, stellar mass regime

is illustrated in Figure 4.4.
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Figure 4.4: Evolution of the six most common isotopes in bulk Earth composition
over time following engulfment of a 10 Mg bulk Earth composition planet by
a 0.7-1.2 Mg host star, as represented by abundances from MESA modeling. The
abundances of a comparison model that did not undergo engulfment were subtracted
off. The points at which the enrichments decrease to half their initial values post-
engulfment range from ~6-500 Myr depending on the engulfing star mass. These
half-life points are marked by the dashed vertical black lines.

For cases of 1 and 50 Mg engulfment, refractory depletion patterns across different
stellar masses are similar to those of 10 Mg engulfment, but scaled down and
up, respectively. For 1 Mg engulfment, stars with masses in the range 0.7—1.1
Mg begin with enrichment levels at <0.05 dex, and thus never exhibit detectable
engulfment signatures. However 1.2 Mg stars begin with >0.05 dex enrichment,
and maintain this level for ~100 Myr. For 50 Mg engulfment, 0.7—-1.2 M, stars
maintain >0.05 dex enrichment for ~3—8 Gyr. However, planets containing up to
50 Mg of refractory material are predicted to be quite rare (Batygin, Bodenheimer,
and Laughlin, 2016).

We ran additional MESA models with different engulfing star and accretion conditions,
and found that observable signature timescales increase for sub-solar metallicities, or
if engulfment occurs at later times post-ZAMS. Engulfment of a 10 Mg planet by a 1
M, sub-solar (Z = 0.012) metallicity star results in >0.05 dex refractory enrichment
for ~3 Gyr. This is due to two effects: refractory enrichments are highlighted in low
metallicity environments, and stars with low metallicities have thinner convective
envelopes. Engulfment events occurring 300 Myr—3 Gyr post-ZAMS also yield
signatures that remain observable on >1 Gyr timescales; 10 Mg engulfment by a
1 Mg star at these times produces >0.05 dex enrichment that lasts for ~1.5 Gyr.
Such late-stage engulfment results in longer observable signature timescales because
refractory depletion via thermohaline is suppressed due to a counteracting positive
pu-gradient from helium settling over time. Still, these timescales are short compared

to main sequence lifetimes; our MESA results imply that enrichment from nominal
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10 Mg engulfment events will rarely be observable in solar-like stars that are several
Gyr old.

Twin Importance

As mentioned in Section 4.2, binary twin systems are well suited for engulfment
surveys because twin companions are at the same evolutionary stage. Our MESA
results underscore this; stars with different masses and evolutionary states exhibit
different rates of refractory depletion, and Sevilla, Behmard, and Fuller (2022) found
this to be true even in the absence of engulfment due to diffusion (Sevilla, Behmard,
and Fuller 2022, Figure 9). This implies that non-twin binary pair stars will always
have different refractory abundances, with differences increasing in time. Thus,
only twin systems are capable of yielding reliable planet engulfment signatures. For
a full description of our MESA modeling analysis and results, see Behmard, Sevilla,
and Fuller (2023).

4.6 Engulfment or Primordial Differences

Before presenting our results, we outline our criteria for engulfment:

1. The stellar companions qualify as twins (ATeg < 200 K, Andrews et al. 2019).

2. Thereis alarge (=10 Mg) amount of recovered engulfed mass from our model,
with larger mass amounts considered more robust (see our section on Bayesian

evidence).

3. The engulfment model shift (base of the 7, pattern across all abundances)
lies above —0.05 dex. This is justified because the amount of primordial
chemical dispersion between bound stellar companions is not expected to
exceed 0.03—0.05 dex (e.g., De Silva, Freeman, Asplund, et al. 2007; Bovy
2016; Ness et al. 2018), and engulfment will result in a positive addition to

the differential abundances.

4. These previous two conditions are satisfied across removal of each abundance,
tested via applying the engulfment model after removing one abundance at a
time. This leave-one-out test ensures that the 7, trends are not driven by any

single abundance.

5. There is a positive AA(Li) between stellar companions, in the direction of

potential engulfment.
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Figure 4.5: Fitted model to the differential abundance measurements between the
hot Jupiter host HAT-P-4 and its companion. As in Figure 4.2, the blue circles
represent the abundance differences, and the black dots are our model fit with 5.60
+ 1.64 Mg of bulk Earth composition engulfed material added to the convective
zone of one star. The amount of modeled engulfed material and fitted scatter is
provided in the lower right corner of the plot. The null hypothesis (no engulfment,
but uniform abundance enrichment across all elements for one star) is shown by the
long-dash line.

In light of our MESA results, we only considered the eleven twin systems in our sample
as potential engulfment detections. However, we still applied our engulfment model
to all 29 systems. Because we did not know which star in each pair may have
undergone engulfment, both cases were considered for each system. All Aln(Z)
measurements for our engulfment sample are reported in Table 4.7. Among our
eleven twin systems, only HAT-P-4 exhibits a positive Bayesian evidence difference
(Aln(Z) = 1.82) and an engulfment model shift that lies above —0.05 dex (Figure
4.5). The amount of recovered mass is 5.60 = 1.64 Mg, and remains above 5.11 +
1.72 Mg across removal of each abundance. The HAT-P-4 Aln(Z) value of 1.82 is
well below our suggested cutoff of Aln(Z) = 9.15 justified by our Bayesian evidence
analysis (see our section on Bayesian evidence). Still, HAT-P-4 satisfies more of
our engulfment claim criteria than any other system in our sample, making it the
most promising potential engulfment detection. We note that there are five other
systems (HD 99491-92, Kepler-477, Kepler-515, WASP-180, and WASP-94) with
Aln(Z) above the HAT-P-4 value of ~1.82 (Table 4.7), but none satisfy the model
shift above —0.05 dex criterion, and four do not qualify as twins (HD 99491-92,
Kepler-477, Kepler-515, and WASP-180).

There are five systems in our sample with ALi > 0.1 dex and Aln(Z) > 1.82, of which
only two (HAT-P-4 and WASP-94) are twin binaries. HAT-P-4 and WASP-94 have

Li abundances differences between the stellar companions of AA(Li) ~ 0.38 + 0.04



90

1.02 1
m oo
x T f
< 1.00 1 aN At ;l——HV -t
s y y ,\'\A
= \
& 0.981 i\
S
=

\
|
\
0.96] ™= WASP-94 A |
WASP-94B !

-== model

-~

AA(Li) < 1.03 dex

6706.5 6707.0 6707.5 6708.0 6708.5 6709.0
wavelength [A]

Figure 4.6: Li doublet region for WASP-94, with the normalized spectra of the
stellar companions with lower and higher Li abundance plotted in light and dark
blue, respectively. The model fits used to derive Li EWs and abundances are
illustrated by the red dashed lines. The Fe I and Li I transitions are marked, and the
differential Li abundance is provided in the lower right corner.

dex and AA(Li) <1.03 dex, respectively (we only report the upper limit AA(L1) value
for WASP-94 because the Li EW is smaller than its associated error for WASP-94
B). The WASP-94 Li doublet appears quite weak (Figure 4.6). Thus, we argue that
only HAT-P-4 has a AA(Li) potentially indicating engulfment. Kronos-Krios has a
Li abundance difference of AA(Li) = 0.51 £+ 0.04 dex, which is comparable to the Li
abundance difference of HAT-P-4. We plot the Li doublet regions for these systems
in Figure 4.7.

To claim engulfment, we also need to verify that the differential abundance pat-
tern supporting an engulfment scenario is not the result of primordial chemical
differences between the two stellar companions. This was investigated via binary
companion separations; chemical gradients could potentially increase with distance
in molecular clouds, resulting in varied chemistry between widely separated stellar
siblings. Thus, we must consider the possibility that large differential abundances

in wide binary systems may result from primordial chemical differences rather than
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Figure 4.7: Li doublet regions for HAT-P-4 (left) and Kronos-Krios (right), with the
normalized spectra of the stellar companions with lower and higher Li abundance
plotted in light and dark blue, respectively. The model fits used to derive Li EWs and
abundances are illustrated by the red dashed lines. The Fe I and Li I transitions are
marked, and the differential Li abundances are provided in the lower right corners
of the panels.

planet engulfment. There is some observational evidence for this possibility from
open clusters, whose stars are widely separated by definition. Ness et al. (2018)
examined pairs of red giants in seven open clusters, and found that a minority of
pairs are highly chemically dissimilar according to a measure of chemical distance
between the companions for 20 elements of y? ~ 70. For reference, most of the
intra-cluster pairs are chemically homogeneous and exhibit y? ~ 20, corresponding
to typical abundance dispersions of ~0.03 dex. Liu, Yong, Asplund, Ramirez, et al.
(2016) put forward possibilities to explain such abundance differences in open clus-
ters, such as supernova ejection in the proto-cluster cloud, or pollution of metal-poor
gas. Both are contingent upon insufficient turbulent mixing within the cloud that

would fail to smooth out chemical inhomogeneities.

To examine the possibility that the abundance differences of our systems are pri-
mordial, we calculated the projected separations for our 29 planet host binaries with
SME-determined Teg > 4700 K using Gaia Data Release 3 (DR3) astrometry. The
errors on projected separations were taken as the scatter in calculated separations
after sampling from the astrometric data uncertainty distributions 100 times for
each system. These separations are reported in Table 4.7. The projected separation
of HAT-P-4 is 30,000 + 140 AU, which is larger than that of any other binary in
our sample by an order of magnitude (Table 4.7). The projected separation can be
considered a factor of V1.5 smaller than the true distance, and results in a value that

exceeds typical turbulence scales in molecular clouds (0.05-0.2 pc, Brunt, Heyer,
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and Mac Low 2009 and references therein). This indicates that the HAT-P-4 stellar

companions may have formed in distinct areas of chemodynamical space within
their birth cloud. Thus, we regard the HAT-P-4 differential abundance pattern as
potentially due to primordial chemical differences between the two stars rather than

planet engulfment.

4.7 Assessment of Published Systems

There are ten planet host binary systems with high-precision abundances previously
measured (HAT-P-1, HD 20781-82, XO-2, WASP-94, HAT-P-4, HD 80606-07, 16-
Cygni, HD 133131, HD 106515, WASP-160; Table 4.1). Depending on the study,
four to six of these systems are claimed as engulfment detections. Because no
potential engulfment signatures were found in our sample aside from HAT-P-4, we
were interested in testing if previously reported datasets for these ten systems yield

robust signatures according to our engulfment model.

We found that six of the systems exhibit Aln(Z) > 1.82, above HAT-P-4 (16 Cygni,
XO-2, HD 20781-82, HD 133131, WASP-94, and WASP-160). However this
depends on the reported dataset; the 16 Cygni abundances derived by Tucci Maia,
Meléndez, and Ramirez (2014), Tucci Maia, Meléndez, Lorenzo-Oliveira, et al.
(2019), and Ryabchikova et al. (2022) are above this cutoff, but those of Ramirez,
Meléndez, et al. (2011) yield a negative Aln(Z). Likewise, the XO-2 abundances
derived by Ramirez, Khanal, Aleo, et al. (2015) and Biazzo et al. (2015) pass the
HAT-P-4 cutoft, but those of Teske, Ghezzi, et al. (2015) yield a negative Aln(Z).
The Ramirez, Meléndez, et al. (2011) and Teske, Ghezzi, et al. (2015) studies did not
claim engulfment. Our fitted engulfment model to the Ryabchikova et al. (2022) 16
Cygni dataset also exhibits a shift below —0.05 dex, which violates our engulfment
criteria. This is also true for the Mack, Schuler, et al. (2014) and Teske, Khanal,
and Ramirez (2016) datasets for HD 20781-82 and WASP-94, respectively. The
Teske, Shectman, et al. (2016) HD 133131 dataset passes this engulfment model
shift criterion, but yields a small engulfed mass estimate (M = 1.13 + 0.51 Mg),
and is not claimed as engulfment by Teske, Shectman, et al. (2016). This leaves the
Jofré et al. (2021) WASP-160 dataset, which yields an estimated engulfed mass of
M =7.73 £ 1.59 Mg and Aln(Z) = 9.37. However WASP-160 is part of our sample,
and our SME abundances do not clearly favor an engulfment scenario (Aln(Z) =
0.98). We conclude that there is no strong evidence for engulfment detections in the

literature aside from potentially Kronos-Krios.
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Figure 4.8: The left panel displays the scatter in abundance measurements vs.
the sum of oscillator strengths g f for each element in the SME line list and our
engulfment sample (blue points), and for the Bedell, Bean, et al. (2018) line list and
solar twin sample (red points). The abundance scatter between companions in our
binary sample and across the sample of solar twins increases as the included lines
for each abundance become fewer and weaker for oscillator strength sums of g f <
10. The right panel displays the scatter in abundance measurements vs. 7, for the
Bedell, Bean, et al. (2018) sample considering all elements reported in their study.

Abundance Scatter

Abundance discrepancies between different studies of the same stars can be at-
tributed to usage of different instruments (e.g., Bedell, Meléndez, et al. 2014);
differences in the acquired spectra such as varying SNR levels (e.g., Liu, Yong, As-
plund, Feltzing, et al. 2018); or to differences in abundance measurement pipelines
that may employ different spectral synthesis codes, continuum placement, EW mea-
surement procedures, and line lists (e.g., Schuler et al. 2011; Liu, Yong, Asplund,
Feltzing, et al. 2018). A few studies that exemplify these discrepancy sources are
Saffe, Flores, and Buccino (2015), Mack, Stassun, et al. (2016), and Liu, Yong, As-
plund, Feltzing, et al. (2018), which all analyzed HD 80606-07, but derived widely
varying abundance measurements. Saffe, Flores, and Buccino (2015) and Mack,
Stassun, et al. (2016) used the same set of Keck-HIRES observations, but derived
abundances that often do not agree within their combined uncertainties at the 1o
level. Liu, Yong, Asplund, Feltzing, et al. (2018) obtained higher SNR observations
of HD 80606-07, and claimed that their abundance measurements are more reliable
because their average uncertainties (~0.007 dex) are much smaller than those of
Saffe, Flores, and Buccino (2015) and Mack, Stassun, et al. (2016) (0.02 dex and
0.027 dex, respectively).

These three studies also employed different line lists. The Saffe, Flores, and Buccino
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(2015) list includes the highest number of lines at ~500, followed by the Liu, Yong,
Asplund, Feltzing, et al. (2018) list with ~250 lines, then the Mack, Stassun, et al.
(2016) list with ~125 lines. To quantify the quality of these different line lists,
we calculated the summed oscillator strength g f over each line corresponding to
a single abundance. As expected, this quantity is a factor of 2—4 higher for the
Liu, Yong, Asplund, Feltzing, et al. (2018) and Saffe, Flores, and Buccino (2015)
line lists compared to the Mack, Stassun, et al. (2016) line list averaging across all
abundances. This is likely responsible for the approximate abundance measurement
agreement between Liu, Yong, Asplund, Feltzing, et al. (2018) and Saffe, Flores,
and Buccino (2015), but not Mack, Stassun, et al. (2016). For comparison, the line
list we employed in our SME analysis includes over 7500 lines, making the summed
g f quantity ~100 times higher than that of the Saffe, Flores, and Buccino (2015)
line list. The average difference for our SME-derived HD 80606-07 abundances is
+0.006, also in better agreement with Liu, Yong, Asplund, Feltzing, et al. (2018)
and Saffe, Flores, and Buccino (2015) compared to Mack, Stassun, et al. (2016).

We were interested in quantifying how line lists affect abundance measurements
by examining if abundance prediction scatter changes as a function of line number
and strength. We tested our SME line list against the abundance scatter between
companions in the ten twin systems excluding HAT-P-4 from our engulfment sample,
and found that abundances with fewer and weaker lines according to oscillator
strength g f (e.g., O, Y, N) exhibit larger abundance prediction scatter (Figure 4.8,
left panel, blue points). This indicates that scatter is large for volatile and highly
refractory abundances that anchor the lower and upper portions of the 7, trend,
respectively. We carried out the same analysis for the Bedell, Bean, et al. (2018)
sample of solar twins and the line list used in their MOOG analysis, and found the same
trend of abundance scatter increasing with fewer and weaker lines per abundance
(Figure 4.8, left panel, red points). We also examined the Bedell, Bean, et al. (2018)
abundance scatter as a function of 7, and found that abundances with low (e.g., C
and O) and high 7, (e.g., Zr and Y) exhibit large scatter similar to our SME results
(Figure 4.8, right panel). These findings show that large line lists with strong spectral
features are necessary for measuring precise abundances, and elements that anchor
the 7, trend lack an abundance of strong features and thus exhibit large scatter. This
is unsurprising for the low 7, abundances; volatile elements like C, N, and O are
often locked in molecular species that create blended features, making it difficult
to identify strong, well-isolated lines. Because elements important for establishing

a T, trend tend to have large uncertainties, we expect that a 7, pattern can occur
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randomly in the absence of engulfment.

4.8 Discussion

We did not recover any strong planet engulfment detections in our planet host
binary sample. HAT-P-4 is the only system whose abundances exhibit a possible
engulfment signature. This binary is composed of two solar-like (GOV + G2V)
stars, with the primary hosting a 0.68 My, hot Jupiter at an orbital period of ~3
days (Kovécs et al., 2007). Our engulfment model recovers 5.60 + 1.64 Mg of
engulfed mass by the planet host star. However, HAT-P-4’s Aln(Z) value of ~1.82
does not strongly support an engulfment claim, and the system sustains only Aln(Z) =
1 across the leave-one-out abundance test. For reference, these values are well below
the maximum Aln(Z) value of our synthetic non-engulfment systems (9.15, see the
section on Bayesian evidence), indicating that the HAT-P-4 engulfment signature
could be a false positive. Other signposts of engulfment in the HAT-P-4 systems
include evidence of host star spin up (Oetjens et al., 2020) or increased luminosity
(Yarza et al., 2022) post-engulfment. However, the difference in vsini between
HAT-P-4 A and B is only 1.59 + 1.41 km/s, while engulfment of ~5 Mg planets
is predicted to increase v sini by at least 10 km/s (Oetjens et al., 2020). Similarly,
increased host star luminosity post-engulfment is predicted to last for <1000 years
(Yarza et al., 2022). We thus conclude that increases in host star luminosity or

rotation cannot constitute evidence for engulfment in the HAT-P-4 system.

Alternatively, the abundance pattern of HAT-P-4 may be primordial rather than due
to engulfment. HAT-P-4’s projected separation (30,000 + 140 AU) is an order
of magnitude larger than that of any other binary in our sample (Table 4.7), and
exceeds the lower bound of typical turbulence scales in molecular clouds (0.05-0.2
pc, Brunt, Heyer, and Mac Low 2009 and references therein). This suggests that
HAT-P-4 A and B formed far from each other within their birth cloud, and were
separated by large chemical gradients that gave rise to the differential abundance
pattern we see today. It is possible that the Kronos-Krios abundance pattern is also
primordial; we calculated the projected separation for this system to be 11,000 + 12
AU. There is also a tentative trend of increasing abundance difference as a function
of binary separation in our sample of eleven twin systems. To illustrate this, we plot
their A[Fe/H] as a function of separation in Figure 4.9, along with those of the 25

wide binaries from Hawkins et al. (2020).

While a T,.-dependent abundance pattern is a signpost of planet engulfment, it is
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possible that the 7,.-dependent patterns of HAT-P-4 and Kronos-Krios occurred in
the absence of engulfment because of large uncertainties on abundances that anchor
the upper and lower portions of the 7, trend. To test this, we simulated 1000 systems
assuming the HAT-P-4 and Kronos-Krios companion masses and convective zones,
but with abundances drawn from Gaussian distributions with widths equal to the
average abundance scatter per element between the companions of our ten twin
systems excluding HAT-P-4 (Figure 4.8, right panel, blue points). There are 33
simulated systems with Aln(Z) values that exceed that of HAT-P-4 (Aln(Z) > 1.82),
of which two also have recovered amounts of engulfed mass greater than HAT-P-4’s
value of 5.60 Mg. However, there are no simulated systems with Aln(Z) or recovered
amounts of engulfed mass greater than those of Kronos-Krios (Figure 4.10). We
conclude that the HAT-P-4 T.-dependent abundance pattern can occur randomly in
the absence of engulfment, but not that of Kronos-Krios. Thus, Kronos-Krios may

be a true engulfment detection whereas HAT-P-4 is likely not.

The lack of clear engulfment detections in our sample can be explained by our
MESA analysis (Behmard, Sevilla, and Fuller, 2023), which predicts that observable
refractory enrichments from 10 Mg engulfment events occurring at ZAMS will
become depleted on timescales of ~2 Myr—2 Gyr for solar-like (0.8—1.2 M) stars.
The largest and longest-lived signatures are exhibited by 1.1-1.2 M, stars (~2 Gyr).
We thus recommend these stars as the best candidates for engulfment detections.
We also considered other engulfment scenarios assuming a 1 Mg star, and found
that engulfment signature timescales increase to ~1.5 Gyr for late-stage (300 Myr—3
Gyr post-ZAMS) engulfment, and ~3 Gyr for sub-solar (Z = 0.012) engulfing star
metallicities. Most (~85% within mass measurement error) of the stars composing
the 29 binaries in our sample assessed for engulfment signatures are in the solar-like
mass range. In addition, there are only two systems younger than 2 Gyr (HD 202772
and WASP-180), and only 1 system younger than 3 Gyr with sub-solar metallicities
(Kepler-477). Thus, the timescales of observable signatures from nominal 10 Mg
engulfment are short compared to the system lifetimes. Our MESA results also show
that refractory enhancements exhibit half-lives of ~6—-500 Myr (Figure 4.4). This
implies that unless the engulfment event happened recently, we can only recover
clear engulfment signatures by taking observations soon after the engulfment event.

Perhaps this is the case for Kronos-Krios assuming it is a true engulfment detection.

Our MESA results also underscore the importance of using stellar twin binaries

for planet engulfment surveys. Refractory depletion rates vary as a function of
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Figure 4.9: A[Fe/H] (right) vs. projected binary separation of the eleven twin
systems in our sample assessed for engulfment signatures (black). The 25 wide
binaries from Hawkins et al. (2020) are plotted for comparison (gray), along with
the points representing Kronos-Krios (red) and HAT-P-4 (blue). There appears to
be a trend of increasing A[Fe/H] as a function of separation across all samples. The
Spina et al. (2021) systems are not explicitly shown because most of their systems
that qualify as twins are drawn from the Hawkins et al. (2020) sample, and the
remaining do not have reported separations.

engulfing star mass and spectral type, even in the absence of planet engulfment
(Sevilla, Behmard, and Fuller 2022, Figure 9). Thus, non-twin stellar siblings will
always exhibit different photospheric abundances. As mentioned in Section 4.2, only
eleven of the 36 binaries in our sample qualify as twins. This is another potential
contributing factor to our lack of engulfment detections. We thus recommend
that future engulfment surveys focus solely on stellar twin systems. Considering
the eleven twin systems in our sample, we calculated an upper limit engulfment
detection rate for our study using the observable signature timescales from our MESA
analysis. This rate was taken as the average in log space of signature timescales
(which varies as a function of engulfing star mass) over system age ratios for the

eleven twin systems. The resulting rate is ~4.9%, though we note that the true rate
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Figure 4.10: Estimated amounts of engulfed material from our engulfment model fits
vs. Aln(Z) values for the 1000 simulated systems assuming the HAT-P-4 companion
masses and convective zones (gray), and the 1000 simulated systems assuming those
of Kronos-Krios (black). The abundances of the simulated systems were drawn
from Gaussian distributions with widths equal to the average abundance scatter per
element of our ten twin systems excluding HAT-P-4. The real data for Kronos-Krios
and HAT-P-4 are also shown for comparison as the red and blue dots, respectively.
The simulated systems can mimic the 7, trend of HAT-P-4, but not that of Kronos-
Krios.

will be much lower since it should be multiplied by a factor corresponding to the

intrinsic engulfment rate, which is unknown.

Our results are in contradiction with previous studies that report high rates of en-
gulfment detections. For example, Spina et al. (2021) claim an engulfment rate of
~20-35% for their sample of 107 binary systems. They based this on a large frac-
tion of systems (“chemically anomalous” pairs) with high [Fe/C] ratios, A[Fe/H],
and AA(Li). No other abundances were examined and thus there is no analysis of
T, trends. In addition, the elemental abundances of the 107 systems were derived
from multiple literature sources that took observations with different instruments,

and employed different spectral synthesis pipelines and line lists (Desidera, Gratton,
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Figure 4.11: Estimated amounts of engulfed material from our engulfment model
fits vs. Aln(Z) values for the “chemically anomalous” systems reported Spina et al.
(2021). The twin (ATeg < 200 K, Andrews et al. 2019) pairs are shown in black
while the non-twin pairs are shown in gray. The points corresponding to 0.1-100
Mg simulated engulfment systems are represented by the transparent red dots in
the background for comparison. Kronos-Krios and HAT-P-4 are also shown for
comparison as the red and blue dots, respectively. The maximum Aln(Z) value for
the synthetic non-engulfment distribution of 9.15 is marked by the dashed line.

Scuderi, et al., 2004; Desidera, Gratton, Lucatello, et al., 2006; Hawkins et al.,
2020; Nagar, Spina, and Karakas, 2020). Such heterogeneous methods can intro-
duce systematic bias into abundance samples (e.g., Schuler et al. 2011; Liu, Yong,
Asplund, Feltzing, et al. 2018). Finally, many of the binaries employed in this study
do not qualify as stellar twins; Spina et al. (2021) imposed a AT.g cutoff of 600 K.
Thus, we argue that Spina et al. (2021) lack sufficient evidence for their ~20-35%

engulfment rate claim.

Spina et al. (2021) based their claim on 33 “chemically anomalous” pairs among
their total sample of 107 binaries. Eleven of these 33 pairs were observed by Spina
etal. (2021) with the HARPS spectrograph and analyzed with MOOG. The abundance
measurements of the remaining pairs are drawn from other catalogs; another eleven

systems are from Hawkins et al. (2020), four from Desidera, Gratton, Lucatello,
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et al. (2006), two from Nagar, Spina, and Karakas (2020), and one from Desidera,
Gratton, Scuderi, et al. (2004). The last four systems are included in our sample
(Kronos-Krios, HAT-P-4, 16 Cygni, XO-2). As discussed earlier, we only consider
Kronos-Krios and HAT-P-4 as potential engulfment detections. We assessed the
other “chemically anomalous” pairs as follows. The Desidera, Gratton, Scuderi,
et al. (2004), Desidera, Gratton, Lucatello, et al. (2006), and Nagar, Spina, and
Karakas (2020) studies do not provide abundances beyond Fe, but Spina et al.
(2021) and Hawkins et al. (2020) measured a set of abundances spanning a wide
range of T, (e.g., C, N, Mn, Cr, Si, Fe, Mg, Ni, V, Ca, Ti, Al, Y). We analyzed
the 22 Spina et al. (2021) and Hawkins et al. (2020) “chemically anomalous” pairs
with our engulfment model considering the abundances listed above. The fitted
amounts of engulfed material from our engulfment model vs. Aln(Z) values for
these pairs are shown in Figure 4.11, with twin (AT < 200 K, Andrews et al. 2019)
pairs represented by black dots and non-twin pairs represented by gray dots. Three
systems exhibit Aln(Z) values above 9.15, the maximum Aln(Z) of our synthetic
non-engulfment systems. All three systems qualify as binary twins. They have
2.48-4.87 My fitted amounts of engulfed material from our engulfment model, and
Aln(Z) values ranging from 10.0—15.4. We conclude that these three systems are
potential engulfment detections.

We carried out a similar analysis to estimate the mass of engulfed material for
the remaining seven Desidera, Gratton, Scuderi, et al. (2004), Desidera, Gratton,
Lucatello, et al. (2006), and Nagar, Spina, and Karakas (2020) “chemically anoma-
lous” pairs considering just Fe and its abundance in bulk Earth compositions, and
estimated 1.27—12.34 Mg amounts of engulfed material. Only three of these seven
systems qualify as twins. If we consider just the twin pairs, the amount of engulfed
material drops to 1.27-2.50 Mg, and there are no Aln(Z) values to provide further
evidence for these systems as engulfment detections. We thus conclude that there
are only five potential detections (Kronos-Krios, HAT-P-4, and three additional
systems) in the Spina et al. (2021) sample of 107 systems, yielding an engulfment
rate of ~4.7%. However, Kronos-Krios, HAT-P-4, 16 Cygni, and XO-2 were likely
included because they are reported as possible engulfment detections in previous
studies (Table 4.1). If we remove these systems, there are only three potential de-
tections out of 103 systems, yielding an engulfment rate of ~2.9%. This is much

lower than the ~20-35% Spina et al. (2021) engulfment rate claim.

We conclude that engulfment detections are rare, and put forward the possibility that
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the abundance differences of HAT-P-4 are primordial. Those of Kronos-Krios may
also be primordial, but there is evidence that this system is a true engulfment detec-
tion because its strong 7, trend is not produced randomly from large uncertainties on
low and high 7, abundances. Considering the HAT-P-4 case, if large (A[X/H] > 0.05
dex) primordial abundance differences between binary companions are common, it
may not be safe to assume that stellar siblings born from the same molecular cloud
are always chemically homogeneous. This could undermine the validity of galactic
archaeological tools used to trace stars back to their parent clouds, namely chemical
tagging. There are hints that chemical tagging may have limitations. As mentioned
in Section 4.6, Ness et al. (2018) found a small population of chemically inhomo-
geneous red giant pairs in open clusters. Similarly, the Hawkins et al. (2020) study
of 25 wide binaries reported that while 80% are homogeneous to 0.02 dex levels,
six pairs exhibit A[Fe/H] > 0.05 dex. Larger wide binary pair samples could be
used to place upper limits on abundance differences as a function of separation, and
may be aided by ongoing high-resolution spectroscopic surveys such as APOGEE
(Abdurro’uf et al., 2022) and GALAH (Buder et al., 2021).

4.9 Summary

We carried out a Keck-HIRES survey of 36 planet host binaries and examined
their differential stellar abundances for evidence of planet engulfment. However we
reiterate that only eleven of these 36 binaries qualify as stellar twins (AT < 200 K,
Andrews et al. 2019), and our MESA results show that reliable engulfment signatures
can only be detected in twin systems because refractory depletion rates vary as a
function of engulfing star type. None of the systems in our sample exhibit clear
engulfment signatures, which dovetails with our MESA results that show observable
signatures in solar-like (0.8—1.2 M) stars are depleted below observable levels
(A[X/H] > 0.05 dex) within ~2 Gyr after the engulfment event (Behmard, Sevilla,
and Fuller, 2023). Only one of our twin binary systems, HD 202772, has an age
below 2 Gyr (1.8 Gyr, Wang et al. 2019).

Among our twin systems, only HAT-P-4 exhibits a possible engulfment signature.
If engulfment occurred in this system, it must have happened within the last 2 Gyr,
which is less than half of HAT-P-4’s estimated age (4.2 Gyr, Ment et al. 2018).
This makes the engulfment scenario somewhat unlikely. Alternatively, HAT-P-
4’s abundance differences may be primordial as evidenced by the large projected
separation (30,000 + 140 AU) between the binary companions. This projected

separation is larger than that of any other system in our sample by an order of
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magnitude (Table 4.7). Similarly, we suggest that the Kronos-Krios abundances
differences may be primordial based on the large projected separation of the system
(11,000 + 12 AU).

We used our engulfment model to analyze previously published datasets for ten
planet host binary systems (HAT-P-1, HD 20781-82, XO-2, WASP-94, HAT-P-4,
HD 80606-07, 16-Cygni, HD 133131, HD 106515, WASP-160; Table 4.1), of which
four to six are claimed as engulfment detections depending on the study. None of
the systems can be claimed as detections according to our criteria for engulfment,
outlined in Section 4.6. We also examined how abundance scatter depends on line
lists employed in spectral synthesis pipelines, and found that abundance precision
increases with larger numbers of strong spectral features per chemical species (Figure
4.8, left panel). Elements with low 7, (e.g., volatiles such as C, N, O), and high 7,
(e.g., Y) lack an abundance of strong features and thus exhibit large scatter. Because
these abundances are important for anchoring 7, trends, we conclude that 7, patterns
can randomly result from poorly measured abundances in the absence of engulfment
(Figure 4.8, right panel). We tested if the HAT-P-4 and Kronos-Krios 7, trends can
be randomly produced from large uncertainties on low and high 7, abundances, and
found that this is the case for HAT-P-4, but not Kronos-Krios. We conclude that
Kronos-Krios may still be a true engulfment detection, but HAT-P-4 is likely not.

Our results contradict previous studies that report high rates of engulfment, namely
Spina et al. (2021) that claimed an engulfment rate of ~20—-35% for their sample
of 107 binary systems. We analyzed the abundance patterns of their “chemically
anomalous” systems with our engulfment model, and determined that the true en-
gulfment rate is closer to ~2.9%. This is comparable to the upper limit engulf-
ment detection rate we calculated from our MESA engulfment signature timescales
(~4.9%). Our results suggest that reported detections of planet engulfment may
instead be due to primordial chemical differences between stellar companions. To
confirm this, the homogeneity of bound stellar siblings as a function of binary

separation should be investigated further in future studies.

4.10 Appendix: Abundance Error Analysis

We obtained Keck-HIRES observations of eight bright stars (HIP 38931, HIP 44137,
HIP 47288, HIP 16107, HIP 14300, HIP 15099, HIP 14241, HIP 21272) at five
different SNR levels, and calculated the variance in their SME abundance predictions.

These eight stars span the T.¢ range of our engulfment sample, and a wide [Fe/H]
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range of —0.39 to +0.37 dex, making the results of this test relevant for a diverse
set of stars. We collected 3—6 spectra per star and SNR level, and found that the
variance in measured abundances is <0.03 dex for refractory species, and higher for
volatile species with variance up to ~0.1 dex. As expected, the variance decreases
dramatically as a function of SNR for all abundances and stars, with the exception
of HIP 38931 which exhibits large scatter in the volatile abundances even as the
highest SNR level (200/pix) is approached. This is likely due to its low temperature
(Ter = 4680 K) and low metallicity ([Fe/H] = —0.17 dex) which together create a
favorable environment for forming volatile-bearing molecular species whose spectral
features are difficult to model with SME. Because of this, we consider SME-determined

abundances for targets with 7o < 4700 K and sub-solar metallicities to be suspect.

Excluding HIP 38931, we found that the abundance scatter of the remaining seven
bright stars agrees with the abundance errors reported in Brewer and Fischer (2018).
To illustrate this, we plotted the standard deviation of C, N, O, and Fe SME abundance
predictions for these seven stars against the Brewer and Fischer (2018) solar spectra
abundance scatter for SNR levels of 40, 60, 80, and 100 in Figure 4.12. We chose
these abundances because spectral synthesis codes like SME struggle to model the
features of volatile species like C, N, and O due to molecular lines, and Fe provides
a good comparison point by possessing many easily modeled lines. As expected,
the abundance scatter trends as a function of SNR are approximately monotonic,
though the scatter of HIP 47288, HIP 14300, and HIP 14241 noticeably deviate for
C and N. This is likely because these are the most metal poor stars remaining in
our now seven bright star sample, and are thus more likely to host volatile-bearing

molecules in their photospheres.

It can be seen that the Brewer and Fischer (2018) predictions (gray circles) well-
represent the abundance scatter across all seven stars that we observed (colored
circles). The average absolute difference between the abundance scatter reported by
Brewer and Fischer (2018) and those of our seven bright stars is ~0.012 dex, and the
Brewer and Fischer (2018) scatter is larger ~57% of the time across all SNR levels
and abundances. Thus, the Brewer and Fischer (2018) abundance scatter is a good
approximation of SME abundance errors for our engulfment sample, and we derived
our errors by linearly interpolating through SNR in Table 2 of Brewer and Fischer
(2018) to match the individual SNR of each star (Table 4.5).
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Figure 4.12: Standard deviation in SME abundance predictions from multiple HIRES
observations of seven bright stars (colored circles), and the Brewer and Fischer
(2018) scatter in SME abundance predictions for a solar spectrum with varying
amount of added Gaussian random noise to mimic varying SNR levels (gray). The
seven bright stars are colored in order of increasing metallicity (dark blue to dark
red). The abundances displayed are C, N, O, and Fe from top to bottom, as a function
of SNR =40, 60, 80, and 100.
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Table 4.3: Sample Architectures

Architecture Number
Hot/Warm Jupiters 15
Hot/Warm sub-Saturns 11
Cold Jupiters 15
Cold sub-Saturns 2

Super-Earths/Sub-Neptunes 11
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Table 4.6: Abundance Errors of Engulfment Sample Stars

Name EW; A(Li) AA(Li) Expected AA(Li)
mA dex dex dex
HD 23596 A*  73.18 £2.55 2.68 +£0.03 2.83 £ 0.08 ~1.5
HD 23596 B 17.53 £+2.69 -0.14 £0.07 - -
WASP-3 A* 1827 £ 1.06  2.26 + 0.03 >2.83 ~1.3
WASP-3 C 2.16 + 4.06 < -0.57 - -
KELT-4 A* 24.64 +1.04 2.39 +0.03 2.68 +0.18 ~2.0
KELT-4 B 2.03+1.01 -0.29+0.18 - -
Kepler-410 A* 1398 £+2.08  2.12 +0.07 > 2.50 ~2.0
Kepler-410B  0.00 + 1.36 < -0.38 - -
Kepler-25 A*  23.69 + 1.07  2.31 +£0.03 >2.32 ~2.0
Kepler-25 B 324 +3.58 < -0.02 - -
HD 40979 A* 79.33 +£0.61 2.86 +0.02 2.24 + 0.06 ~2.0
HD 40979 B 1130+ 1.12 0.62 +£0.05 - -
Kepler-104 A* 17.07 £0.82  1.84 £ 0.03 > 1.87 ~1.5
Kepler-104 B 0.00 + 0.70 < -0.03 - -
WASP-70 A* 329 +2.85 1.03 £ 0.28 > 1.71 ~1.5
WASP-70 B 1.20 + 2.65 < —0.68 - -
HAT-P-41 A* 1.44 £ 0.76 122+0.19 >1.70+0.20 ~2.0
HAT-P-41 B 0.00 = 2.49 < -0.48 - -
WASP-127 A*  27.13 +1.56  2.03 = 0.03 > 1.60 ~0.3
WASP-127 B 0.00 +2.23 <043 - -
WASP-173 A*  0.00 = 2.70 < 1.53 < 1.37 ~0.5
WASP-173 B 0.94 + 2.67 <0.16 - -
Kepler-99 B* 0.00 £ 2.78 <0.15 < 1.07 ~0.3
Kepler-99 A 048 +1.18 <-0.92 - -
TWASP-94 A*  9.73 + 3.33 1.75 £ 0.13 > 1.03 <0.1
TWASP-94B  1.07 +3.11 <0.72 - —

This is a subset of a table that lists the EWy; and A(Li) measurements for stars in the
engulfment sample, ranked by their AA(Li). In cases where the Li EW is smaller than the
associated uncertainty, A(Li) is reported as an upper limit. The brighter component of
each binary pair is denoted as ‘A’, and the fainter component as ‘B’. The planet hosts are
marked with *, and twin systems are marked with . We provide the expected AA(Li)
between companions as a function of their differing T.g not considering engulfment

(Randich and Magrini, 2021) in the last column.
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Binary System sep M Tiit shift flat model shift  Aln(Z)
AU Mg dex dex
WASP-94*T 3200 + 17 295+155  0.03+0.01 -0.03+0.01 0.00 + 0.01 1.96
HAT-P-4*7 30000 +£ 140  5.60+1.64 0.03+0.01 0.05+0.01 0.10 £ 0.01 1.82
HD 133131%" 380 + 0.62 0.50+0.23  0.00+0.00 0.00+0.01 0.01 +£0.00 1.04
WASP-647%* 8700 + 34 1.83+0.89 0.00+0.00 0.00=+0.01 0.01 +0.00 0.66
HD 106515%" 230 £ 0.25 097+0.84 0.00+0.00 -0.02+0.01 -0.01=+0.00 0.01
HD 132563*" 430 + 0.52 042+029 0.02+0.01 -0.02+0.01 -0.01+0.00 -0.37
HAT-P-1*7 1800 + 4.1 0.65+0.61 0.03+0.01 0.02+0.01 0.03 £ 0.01 -0.76
XO-2%T 4700 = 11 946 +497 0.04+0.01 0.04+0.01 0.06 + 0.01 —-0.83
16 Cyg*' 840 + 0.28 029+0.22 0.00+0.00 0.02+0.00 0.03 £ 0.00 -1.50
HD 202772%" 210+ 1.7 1.13+£1.05 0.14+0.02 0.03+0.03 0.08 +0.03 -2.20
HD 99491-92 510+ 0.30 11.73£298 0.02+0.01 -0.08+0.01 -0.04+0.01 5.21
Kepler-477* 560 +£5.9 306 +0.85 0.03+0.01 -0.10+0.02 -0.05=+0.01 4.53
Kepler-515%* 650 £ 2.2 862+292 0.08+0.01 -0.08+0.03 -0.02=+0.02 3.98
WASP-180 1200 + 6.2 493+223 0.09+002 -0.07+0.02 -0.03+0.02 2.31
Kepler-25 2000 5.5 836+5.04 0.10+£0.02 -0.03+0.03 0.01 +0.02 1.46
WASP-160* 8300 + 28 436+270 0.01 £0.01 0.02+0.01 0.04 £ 0.01 0.98
WASP-173 1400 + 6.9 6.18+£3.20 0.02+0.01 -0.10+0.01 -0.07+0.01 —-0.12
K2-27%* 8100 + 31 0.86+0.70 0.02+0.01 -0.02+0.01 —0.02+0.00 -0.25
HD 178911* 650 + 0.39 1.62 + 1.81 0.04 £0.01  0.00 +0.01 0.00 + 0.01 -0.27
HD 40979 6500 + 4.5 245+3.10 0.07+0.01 -0.03+0.02 -0.02+0.01 -0.40
WASP-127%* 6500 + 20 0.62+042 0.03+0.01 0.03+0.01 0.04 £ 0.01 -0.55
Kepler-99* 3100 + 8.5 1.16 £1.51  0.04 £0.01  0.00 = 0.01 0.00 + 0.01 —-0.55
HD 80606-07* 1400 + 1.6 0.66+0.71 0.01+0.00 -0.01=+0.00 —0.01 +0.00 —-0.64
KELT-2 320 £ 0.83 133+136 020+0.03 0.00+0.03 0.02 + 0.04 -0.75
Kepler-104* 6900 + 27 0.68 £045 0.13+£0.02 -0.06+0.02 -0.07+0.02 —-1.44
HD 20781-82* 9100+ 7.9 025+023 0.01£0.00 0.01=+0.00 0.01 +£0.00 -1.70
Kepler-1063 580 + 27 1.50+1.12  0.00+0.00 0.06 +0.01 0.07 £ 0.00 -1.79
KELT-4 340 £ 1.2 355+4.74 031+£0.04 -0.03+0.03 -0.09 +0.06 -2.05
w Ser* 5700 £35  48.09+1858 0.20+0.03 0.03 +£0.03 0.20 + 0.04 -4.07

This table lists the binary separation, modeled amount of engulfed planetary mass, fitted jitter term oy,
engulfment model shift, flat model shift, and difference in engulfment model and flat model Bayesian evidence
Aln(Z) for each of the remaining 29 binary pairs in the engulfment sample. We separate stellar twin systems
(ATeg < 200 K, marked with 1) from the non-twin systems. For each pair, we chose either the planet host or the
non-planet host to be the engulfing star based on which order yielded the largest Aln(Z). Pairs where the planet
host was assumed to be the engulfing star are marked with *. Within the twin and non-twin systems, binary
pairs are sorted by Aln(Z).
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Chapter 5

PLANET ENGULFMENT SIGNATURES IN TWIN STARS

Behmard, Aida, Jason Sevilla, and Jim Fuller (Feb. 2023). “Planet engulfment
signatures in twin stars”. In: Monthly Notices of the Royal Astronomical Society
518.4, pp. 5465-5474. por: 10. 1093 /mnras/stac3435. arXiv: 2210.11679
[astro-ph.SR].

Abstract

Planet engulfment can be inferred from enhancement of refractory elements in the
photosphere of the engulfing star following accretion of rocky planetary material.
Such refractory enrichments are subject to stellar interior mixing processes, namely
thermohaline mixing induced by an inverse mean-molecular-weight gradient be-
tween the convective envelope and radiative core. Using MESA stellar models, we
quantified the strength and duration of engulfment signatures following planet en-
gulfment. We found that thermohaline mixing dominates during the first ~5-45
Myr post-engulfment, weakening signatures by a factor of ~2 before giving way
to depletion via gravitational settling on longer timescales. Solar metallicity stars
in the 0.5-1.2 M mass range have observable signature timescales of ~1 Myr—8
Gyr, depending on the engulfing star mass and amount of material engulfed. Early
type stars exhibit larger initial refractory enhancements but more rapid depletion.
Solar-like stars (M = 0.9—1.1 M) maintain observable signatures (>0.05 dex) over
timescales of ~20 Myr—1.7 Gyr for nominal 10 Mg engulfment events, with longer-
lived signatures occurring for low-metallicity and/or hotter stars (1 Mg, ~2—3 Gyr).
Engulfment events occurring well after the zero-age main sequence produce larger
signals due to suppression of thermohaline mixing by gravitational settling of he-
lium (1 Mg, ~1.5 Gyr). These results indicate that it may be difficult to observe

engulfment signatures in solar-like stars that are several Gyr old.

5.1 Introduction

The formation and evolution of planetary systems can alter the primordial elemental
abundances of planet host stars. For example, planet engulfment can produce
refractory element enhancements within the engulfing star convective region due to

ingestion of rocky planetary material (e.g., Oh et al. 2018). However, such refractory
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enhancements may be weakened by internal mixing processes over time. While
gravitational settling alone is not sufficiently rapid to diminish these enhancements
(e.g., Pinsonneault, DePoy, and Coffee 2001), thermohaline mixing may more
effectively deplete overlying refractory material by allowing it to sink below the
convective zone via “metallic fingers” that stretch towards the deep stellar interior
(e.g., Ulrich 1972; Kippenhahn, Ruschenplatt, and Thomas 1980; Vauclair 2004;
Théado and Vauclair 2012; Bauer and Bildsten 2019). As a form of double-diffusive
mixing driven by heat diffusion, thermohaline mixing acts in the presence of a
mean-molecular-weight (u) gradient, and is theorized to be particularly effective at
removing accreted refractory material from the thin convective zones of hot stars

due to more rapid cooling at the bottom of the convective envelope.

Vauclair (2004) was the first to consider thermohaline mixing in stellar interiors
following accretion of planetary material. They analytically determined that ther-
mohaline instabilities are capable of depleting accreted rocky matter out of convec-
tive envelopes on timescales of ~1000 years, leaving only a small u-gradient at the
end of the mixing process. Later work by Garaud (2011) presented numerical and
semi-analytical estimations of thermohaline mixing using the coefficient derived by
Traxler, Garaud, and Stellmach (2011) from empirical fitting of 3D numerical simu-
lation results, and found that the refractory depletion timescale following engulfment
of a 1 Mj planet depends strongly on increasing stellar mass, with enhancements
dropping to 10% within 600 Myr for a 1.3 M, star, 60 Myr for a 1.4 M, star, etc.

More recently, Théado and Vauclair (2012) modeled engulfment with planet masses
ranging from 1 Mg to 1.5 Mj using the Toulouse-Geneva Evolution Code (Richard,
Théado, and Vauclair, 2004; Hui-Bon-Hoa, 2008) considering thermohaline mixing
and atomic diffusion. They found that the u-gradient is softened on timescales of a
few to tens of Myr depending on the accretion scenario, and noted that their depletion
timescale is much larger than those of previous studies because they correctly
assumed the characteristic mixing length to be the entire mixed region rather than
just the “metallic finger” dimensions. Théado and Vauclair (2012) showed how
different mixing prescriptions could lead to different results, especially in the case
of a small composition gradient (near the minimum for thermohaline instability to
operate), as often occurs in models of planet engulfment. This highlights the need for
stellar models that include all relevant interior processes for accurately constraining
depletion timescales. Such timescales are important for investigations of engulfment

because they determine how long engulfment signatures remain observable, which
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is necessary for placing engulfment events within planetary system histories.

Stellar abundance patterns suggestive of planet engulfment have been observed in
several systems, indicating that engulfment may be more common than predictions
from theory suggest (Galactic occurrence rates of 0.1-1 yr~!, Metzger, Giannios,
and Spiegel 2012). More specifically, there are several individual binary systems
reported in the literature with significant (>0.05 dex!) refractory differences between
the two stars (Ramirez, Meléndez, et al., 2011; Mack et al., 2014; Tucci Maia,
Meléndez, and Ramirez, 2014; Teske, Ghezzi, et al., 2015; Ramirez, Khanal, Aleo,
et al., 2015; Biazzo et al., 2015; Saffe, Flores, et al., 2016; Teske, Khanal, and
Ramirez, 2016; Adibekyan et al., 2016; Saffe, Jofré, et al., 2017; Tucci Maia,
Meléndez, Lorenzo-Oliveira, et al., 2019; Ramirez, Khanal, Lichon, et al., 2019;
Nagar, Spina, and Karakas, 2020; Galarza et al., 2021; Jofré et al., 2021). Such
abundances differences between stellar siblings suggest post-birth chemodynamical
processes such as engulfment because bound stellar companions are born from the
same natal gas cloud and thus assumed to be chemically homogeneous at birth to
within ~0.05 dex (e.g., De Silva, Freeman, and Bland-Hawthorn 2009). Larger
binary samples exhibit abundance differences as well. For example, Hawkins et
al. (2020) assessed 25 comoving, wide binaries and found that 5 systems exhibit
A[Fe/H] ~ 0.10 dex.

To determine how planet engulfment signatures are affected by stellar mixing pro-
cesses, namely thermohaline instabilities, we ran tests with the MESA (Modules for
Experiments in Stellar Astrophysics) stellar evolution code (Paxton, Bildsten, et
al., 2011; Paxton, Cantiello, et al., 2013; Paxton, Marchant, et al., 2015; Paxton,
Schwab, et al., 2018; Paxton, Smolec, et al., 2019). Our MESA stellar models and
implementation of non-standard mixing processes such as thermohaline instabilities
are outlined in Section 5.2. The results of our MESA models considering different
engulfment conditions are presented in Section 5.3. We discuss the implications of
these results for planet engulfment signatures in Section 5.4, and provide a summary

in Section 5.5.

5.2 Stellar Models
We computed our stellar models using the open-source 1D stellar evolution code

MESA. These models are non-rotating with masses of 0.5-1.2 M and solar metal-

In this work, we adopt the standard “bracket” chemical abundance notation [X/H] = A(X) -
A(X)p, where A(X) = log(nx/ngy) + 12 and nx is the number density of species X in the star’s
photosphere.
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licities of Z = 0.017. We did not include more massive stars, where gravitational
settling and radiative levitation can potentially produce huge changes in surface
composition, but are complicated by poorly understood additional mixing processes

not included in our models (e.g., Eddington-Sweet circulation and wave mixing).

Our modeling procedure follows that of Sevilla, Behmard, and Fuller (2022). In
brief, the models were run in three stages, where the first stage evolved the stars up
to the zero-age main sequence (ZAMS), the second stage simulated planet engulf-
ment of a 1, 10, or 50 Mg planet via accretion of bulk-Earth composition material,
and the third stage evolved the stars up to the end of their main sequence (MS)
lifetimes. We then computed the refractory species mass fraction remaining in their
convective zones as a function of stellar age to assess the timescales over which
engulfment signatures remained observable. Throughout these MESA runs we ap-
plied relevant mixing processes, namely convective overshoot, elemental diffusion,
radiative levitation, thermohaline instabilities, and additional mixing required to re-
produce observations of surface lithium abundances. These processes are discussed

in more detail below.

Input Physics
We applied convective overshoot via the prescription taken from Herwig (2000),
with MESA implementation detailed in Paxton, Bildsten, et al. (2011):

27
Dov:Dconv,O exp (_f/lPO)’ (5.1)

where Doy, 0 1 the diffusion coefficient at a location fy scale heights inside the
convective zone, Ap is the pressure scale height at that location, z is the distance
away from this location, and f is an adjustable parameter that sets the characteristic
size of the region undergoing convective overshoot. We set f and fy to 0.02 and

0.005, respectively.

We implemented elemental diffusion via the prescription detailed in Paxton, Marchant,
et al. (2015) and Paxton, Schwab, et al. (2018) that solves the Burgers’ equations in
a similar fashion to Thoul, Bahcall, and Loeb (1994). In MESA, diffusion is carried
out for a set of chemical species organized in “classes”, where a single class may
contain several isotopes, and a chosen representative isotope is used to solve the
diffusion equations and set the diffusion velocities for all species in that class. In
our case, we created individual classes for each of the 13 most abundant species
included in our bulk-Earth accretion that simulates engulfment, so each species is

its own representative isotope.
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We also applied radiative levitation according to Hu et al. (2011), implemented
in MESA as described in Paxton, Marchant, et al. (2015). The Hu et al. (2011)
prescription is based on that of Thoul, Bahcall, and Loeb (1994), with a few mod-
ifications. These include an additional force term in the basic diffusion equations
that describes the radiative acceleration on a chemical species as a function of its
average ion charge. We only applied radiative levitation to our stellar models with
masses of 0.7 Mg and above. This is justified because radiative levitation dominates
atomic diffusion for stars with temperatures above 6000 K (e.g., Richer et al. 1998;
Deal et al. 2020; Campilho, Deal, and Bossini 2022), and is not expected to operate

efficiently in low mass stars.

Thermohaline mixing acts in the presence of a mean molecular weight (u) inversion

in regions that satisfy the Ledoux criterion for convective stability, such that
Vr =V <B<0. (5.2)

Here, B is the Ledoux term that accounts for composition gradients (e.g., Brassard
etal. 1991), and Vr — V4 is the difference between the actual temperature gradient
and the adiabatic temperature gradient, also referred to as the superadiabaticity. We
included thermohaline mixing in our MESA models according to the prescription of
Brown, Garaud, and Stellmach (2013) derived via 3D numerical simulations and
linear stability analyses. This prescription is more accurate than previous thermo-
haline implementations, such as that of Kippenhahn, Ruschenplatt, and Thomas
(1980) which overestimates mixing efficiency in certain fingering convection con-
figurations (Prat, Lignieres, and Lagarde, 2015). It also corrects inconsistencies in
the models of Denissenkov (2010) and Traxler, Garaud, and Stellmach (2011).

There are other mixing processes at play that we did not explicitly model because
their effects are poorly understood, e.g., rotationally induced mixing. To account for
this, we included amin_D_mix = 700 command in our MESA inlist. This amount
of extra mixing allowed us to reproduce the observed lithium abundances for ~1 Mg,
stars from Sestito and Randich (2005). For more details on the comparison with

lithium observations, see Sevilla, Behmard, and Fuller (2022).

Bulk-Earth Accretion
To simulate planet engulfment, we began accreting bulk-Earth composition material
once the MESA stellar models reached ZAMS, consisting of the top 13 most abundant

elements (McDonough, 2003). For a complete analysis of the lithium enrichment
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Figure 5.1: Post-engulfment abundances for the top six most abundant bulk-Earth
elements over time for our complete stellar mass model range (0.5-1.2 M) fol-
lowing near-instantaneous accretion of a 10 Mg bulk-Earth composition planet.
The abundances of comparison MESA models with no accretion were subtracted off.
Each element is represented by its most abundant isotope because MESA chemical
networks are written in terms of isotopic species.

evolution, see Sevilla, Behmard, and Fuller (2022). Because MESA chemical net-
works are written in terms of isotopic species, we accreted the most abundant isotope

of each element included in our bulk-Earth accretion scheme.

MESA does not allow for instantaneous engulfment of a planetary mass body. Instead,
planet engulfment was simulated through rapid accretion of bulk-Earth composition
material. We chose accretion rates that ensured the total planetary mass was accreted
within 10,000 years for all combinations of 1, 10, and 50 Mg engulfed masses and
host stars of 0.5—-1.2 M. An accretion period of 10,000 years is appropriately
short for simulating engulfment events, and should not affect our results because

our observed refractory depletion occurs on timescales of >1 Myr (Figure 5.1).

We also tested two alternative accretion prescriptions that mimic late heavy bom-
bardment (LHB) and disk accretion scenarios. LHB-like accretion begins when the
star reaches an age of 500 Myr and lasts for 300 Myr (e.g., Bottke and Norman
2017), while disk accretion begins 10 Myr after the star is born and lasts for 3 Myr,
the nominal disk lifetime for MS stars (e.g., Hartmann, Herczeg, and Calvet 2016).
We tested accretion of 1 and 10 Mg of planetary material for both scenarios. After
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Figure 5.2: Post-engulfment [Fe/H] abundances over time for our complete stellar
mass model range (0.5—-1.2 M) following near-instantaneous accretion of a 1, 10,
or 50 Mg bulk-Earth composition planet, marked in red, blue, and navy, respectively.
The abundances of comparison MESA models with no accretion were subtracted off.

engulfment according to near-instantaneous, LHB, or disk accretion scenarios, we
evolved the stellar models to the ends of their MS lifetimes. We utilized the default
definition for the end of the MS, which is when the core hydrogen mass fraction
drops below 10719,

Near-Instantaneous Engulfment

We first examined how refractory enrichment resulting from engulfment changes as
a function of engulfed planet mass and stellar type. This was carried out by running
MESA models that included accretion of 1, 10, or 50 Mg of planetary material
with bulk-Earth compositions, and models with no accretion as comparison points.
We took the differential abundances between the engulfment and non-engulfment
models as our potential engulfment signatures. These differential measurements
mimic the signatures found in observations because refractory enrichments from
engulfment are detected with respect to pristine, chemically homogeneous stars,

e.g., a bound companion or fellow cluster member.

As shown in Figure 5.1, for low-mass stars (0.5-0.7 M), engulfment of a 10 Mg
planet does not produce observable enrichment at >0.05 dex levels because the

accreted material is heavily diluted within the deep stellar convective envelope.
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The enrichment is more pronounced for more massive stars with thinner convective
envelopes; for solar-like stars (0.8—1.2 M), engulfing 10 Mg of planetary material
initially produces enrichment at levels of ~0.06—0.33 dex. Because the 0.8—0.9
M, stars still have comparatively deep envelopes, the initial enrichment is not well
above 0.05 dex to begin with, and drops below this after by ~20 Myr. However the
higher mass stars in this range (1-1.2 M) maintain enrichment at >0.05 dex for
~90 Myr-2 Gyr.

Figure 5.1 shows that for models with higher mass (M > 1 M), the refractory
abundances of a star that engulfed a planet are predicted to eventually decrease
below those of a star that did not engulf a planet within 8 Gyr post-engulfment. The
strength of this counter-intuitive effect increases with stellar mass. Inspection of our
1.2 My models with engulfment reveals that they are typically ~200 K cooler and
~1.5% larger in radius than their reference models. Surprisingly, the models with
engulfment have thinner surface convection zones, leading to faster gravitational
settling of heavy elements and hence lower refractory abundances long after the
engulfment event. The exact cause of this structural difference is not clear and should
be examined in future work. There is an exception for certain isotopic species that
are subject to radiative levitation (e.g, SoFe, 27 Al 28Si), whose abundances increase
at ~5 Gyr in the 1.2 Mg model (Figures 5.1 and 5.2).

Apart from this case, we found little difference between the chemical species in our
models; the relative abundance of each decreases on nearly identical timescales. For
thermohaline mixing, this is expected as it affects all elements equally. In principle,
gravitational settling causes heavier elements to sink below the convective zone
faster, but the difference is not discernible in our results. Note that the enrichment
signature provided by oxygen is much weaker than those of other elements due to

the large amount of oxygen already present in the star.

Dependence on Planet Mass

We also examined near-instantaneous engulfment events of 1 and 50 Mg of planetary
material (Figure 5.2). For 1 Mg engulfment, refractory depletion behavior across
different stellar mass regimes is similar to that of 10 Mg engulfment, but the initial
enrichment levels are lower. Consequently, stars with masses in the range 0.5—1.1
Mg do not exhibit enrichment above ~0.05 dex immediately post-engulfment, ren-
dering their engulfment signatures undetectable. The 1.2 Mg model begins with

~0.05 dex enrichment and sustains this level of enrichment for ~100 Myr.
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For 50 Mg engulfment, the initial enrichment is comparatively high as expected from
accretion of more planetary material. Stars in the 0.5-0.7 Mg mass regime begin
with enrichment at 0.10—-0.19 dex levels, and maintain enrichment above ~0.05
dex for ~900 Myr—3 Gyr. Solar-like stars (0.8—1.2 M) begin with enrichment at

~0.25—-1.0 dex, and maintain ~0.05 dex enrichment on timescales of ~4—8 Gyr.

LHB and Disk Accretion

The LHB is considered to be the last dramatic dynamical event in the history of
the Solar System, when giant planet migration disrupted the orbits of inward-lying
planetesimals and perhaps shepherded some into the Sun. We modeled LHB-like
events to compare how the resulting engulfment signatures may differ from those
of engulfment at ZAMS. To mimic LHB-like accretion, we ran a 1 Mgy model
undergoing gradual accretion of 1 Mg of bulk-Earth composition planetesimals
from a stellar age of 500-800 Myr, thus beginning ~470 Myr after ZAMS. We
found that engulfment signatures from an LHB-like event are almost completely
depleted post-engulfment because refractory material is continuously depleted over
the longer accretion period. The engulfment signature after LHB-like accretion is

complete is shown in Figure 5.3.

We were also interested in modeling a protoplanetary disk accretion scenario, which
by definition occurs while the disk is still present. To mimic these conditions, we
began accretion once the star reached an age of 10 Myr, for a duration of 3 Myr
as mentioned in the section outlining our bulk Earth accretion prescription. At 10
Myr, the star is still in the pre-MS phase, ~20 Myr away from reaching ZAMS
and almost fully convective. Thus, any accreted material will become heavily
diluted within a large volume of the stellar interior. We tested accretion of 1 and
10 Mg, and found that the resulting engulfment signatures are slightly stronger
than those resulting from LHB scenarios, but weaker compared to those of near-
instantaneous engulfment scenarios because the refractory material is comparatively
diluted (Figure 5.3).

Late-Stage Engulfment

Finally, we tested near-instantaneous engulfment occurring at 300 Myr, 1 Gyr, or
3 Gyr post-ZAMS rather than exactly at ZAMS to examine refractory enrichment
evolution from late-stage accretion. For these cases we considered engulfment of
a 10 Mg mass by a 1 Mg star. Notably, later engulfment results in systematically

larger surface refractory enhancements; for the 3 Gyr model, the enhancement is
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Figure 5.3: Post-engulfment [Fe/H] abundances over time for a 1 My MESA model
that underwent accretion of a 1 Mg planet under different conditions: the standard
post-ZAMS near-instantaneous engulfment scenario (gray, dashed), an LHB-like
scenario (blue), and a disk accretion-like scenario (navy). The abundances of
comparison MESA models with no accretion were subtracted off.

~1.5-2 times that of the ZAMS accretion model at >10 Myr post-engulfment times
(Figure 5.4). This effect is also shown in the trends of different engulfed masses; we
tested engulfment of a 1, 10, or 50 Mg bulk-Earth planetary companion by a 1 Mg
star at 1 Gyr post-ZAMS (Figure 5.5), and found that the 1 Gyr post-ZAMS cases
all exhibit slower depletion of surface refractory enhancement compared to ZAMS

engulfment (Figure 5.2).

The primary reason for the larger signal in late-stage engulfment is a smaller amount
of thermohaline mixing, which results in less depletion after engulfment as shown in
Figures 5.4 and 5.5. The weakened thermohaline mixing arises due to its interaction
with gravitational settling. As stars age, gravitational settling slowly creates a
stabilizing u-gradient as helium settles downwards. This inhibits thermohaline
mixing when planetary material is engulfed, thus weakening refractory depletion
and leading to longer-lived engulfment signatures. This effect is discussed further
in Théado and Vauclair (2012) and Sevilla, Behmard, and Fuller (2022).
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Figure 5.4: Post-engulfment [Fe/H] abundances over time for a 1 Mg MESA model
that underwent accretion of a 10 Mg planet at different times: ZAMS (gray, dashed),
300 Myr post-ZAMS (red), 1 Gyr post-ZAMS (blue), and 3 Gyr post-ZAMS (navy).
The abundances of comparison MESA models with no accretion were subtracted off.

To further illustrate how this manifests in our MESA models, we plotted [Fe/H],
[He/H], and the compositional component of the Brunt-Viisila frequency (chomp)
as a function of mass coordinate for the 1 Mg model with 10 Mg engulfment
considering both ZAMS and 1 Gyr post-ZAMS engulfment (Figure 5.6). The
[Fe/H] panels of Figure 5.6 showcase that some gravitational settling has already
occurred in the 1 Gyr post-ZAMS model compared to the ZAMS model, increasing
the value of [Fe/H] at larger depths. Similarly, helium settling creates a stabilizing
composition gradient beneath the convection zone, as can be seen by the increasing
value of [He/H] and [Fe/H] with depth below the convective zone in the post-
engulfment models (though note that nuclear burning also increases [He/H] near

the core).

We further examined this effect on the u-gradient by plotting chomp, a measure

of stability to convection in a fluid medium. A positive Ngomp indicates a stable

p-gradient, while a negative value indicates that thermohaline mixing can occur.
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Figure 5.5: Post-engulfment [Fe/H] abundances over time for a 1 Mg MESA model
that underwent accretion of a 1 (red), 10 (blue), or 50 (navy) Mg planet at 1 Gyr
post-ZAMS. The abundances of comparison MESA models with no accretion were
subtracted off.

In both models, the bottom panels of Figure 5.6 show that N>

comp 18 Negative just
below the convective zone of the post-engulfment model. However, at larger depths,
Ngomp has lower values for engulfment at ZAMS compared to engulfment at 1 Gyr
post-ZAMS, which indicates that the 1 Gyr post-ZAMS u-gradient is more stable
to begin with. Thermohaline mixing cannot penetrate as deeply into the interior in
the 1 Gyr post-ZAMS model, which thus experiences less refractory depletion via

thermohaline mixing over time.

Engulfing Star Metallicity

While we defaulted to solar metallicities (Z = 0.017) in our MESA models, we
also examined how engulfing star metallicities affect engulfment signatures. We
ran 1 Mg models of Z = 0.012 and 0.022 with accretion of 10 Mg planets, and
found that engulfment signature strength is strongly inversely correlated with host
star metallicity (Figure 5.7). This is due to two effects: lower metallicity stars

have fewer metals leading to stronger relative refractory enrichments, and lower
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Figure 5.6: Plots of [Fe/H], [He/H], and chomp as a function of mass coordinate

for a 1 My MESA stellar model. Negative Ngomp values are shown via dashed line
(absolute values are used to enable visualization in log scale). The left panel
corresponds to the case of a 1 My model engulfing 10 Mg of planetary material
exactly at ZAMS, while the right panel corresponds to an equivalent case, but with
engulfment occurring at 1 Gyr post-ZAMS. We sampled these quantities at five
different time points (measured relative to the ZAMS age) from engulfment to an

age of ~2 Gyr, as depicted by different line colors.

metallicity stars have thinner convective envelopes. The contributions of both these

factors to convective zone metal content before engulfment is

Mz cz = fz.c2 Mcz, (5.3)

where fz cz is the mass fraction of refractory species in the convective zone, and
Mcyz is the convective zone mass. We computed Mcz for the three metallicity
cases to be ~0.014 My, ~0.024 My, and ~0.030 My for Z = 0.012, 0.017, and
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Figure 5.7: Post-engulfment [Fe/H] abundances over time for 1 My models fol-
lowing near-instantaneous accretion of a 10 Mg bulk-Earth composition planetary
companion at ZAMS. The three 1 My models have different metallicities of slightly
sub-solar (Z = 0.012, blue), solar (Z = 0.017, red), and slightly super-solar (Z =
0.022, navy). The abundances of comparison MESA models with no accretion were
subtracted off. The refractory enhancements drop by a factor of ~2 after ~45 Myr.
For the sub-solar metallicity model, observable signatures last for ~3 Gyr.

0.022, respectively. The convective zone refractory mass fraction fzcz can be
approximated as Z, so Mcz increases slightly faster with metallicity than f7 cz,
but both factors are nearly equally important for setting the pre-engulfment metal
content. Because the total metal content in the convective envelope is much larger

at higher metallicity, an engulfed planet has a proportionally smaller effect.

Notably, the lowest metallicity model with Z = 0.012 exhibits an engulfment sig-
nature that remains above the 0.05 dex observable level for ~3 Gyr. This implies
that stars with sub-solar metallicities may exhibit engulfment signatures that are
fairly long lived. For context, the Z distribution of ~300 G dwarfs in the Solar
neighborhood ranges from ~0.001-0.043, and peaks at ~0.009 dex (Rocha-Pinto
and Maciel, 1996). A more recent study of ~17,000 K and ~24,000 G dwarfs

outside the Solar vicinity at 0.2—2.3 kpc from the Galactic plane derived similar Z
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Figure 5.8: Differential abundances between a 1 My model and a 1 My model
that accreted 10 Mg of bulk-Earth composition material (colored circles) for several
post-engulfment times. The abundances are ranked by 7, of elements for solar-
composition gas from Lodders (2003). The modeled abundances are represented by
the black dots. The amount of apparent engulfed material at each time is provided
in the upper left corner of the plot.

distributions, ranging from ~0.0002—0.03 and peaking at ~0.01 (Schlesinger et al.,
2012). Thus, the distribution of solar-like stars in our neighborhood leans relatively
metal-poor, indicating that observable engulfment signatures may persist on ~3 Gyr

timescales for many nearby ~ 1 M, stars.

Binary Observation Simulations

As mentioned in the section on near-instantaneous engulfment, engulfment signa-
tures are detected in observations as patterns in the differential abundances of an
engulfing star and a comparison stellar companion. The characteristic pattern in-
dicative of an engulfment event is a trend of increasing differential abundances as a
function of the elemental condensation temperature 7, (e.g., Oh et al. 2018). We ex-
pect a T,.-dependent abundance pattern following engulfment; elements with higher
T, are more likely to remain in the condensed phase throughout the disk and become
locked in solid planetary material. Thus, planet compositions will exhibit higher
abundances of species in order of 7;., which will be reflected in the photosphere of
a star that has engulfed a planet.

We simulated how engulfment signatures would appear in binary system observa-
tions by computing differential abundances for elements that span a range of 7,
between two G-type (1 M) stars, one of which underwent engulfment of a 10 Mg
bulk-Earth composition planet at ZAMS. The differential abundances from MESA

display the characteristic 7, trend that signifies engulfment (Figure 5.8, colored
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points). We also constructed an engulfment model similar to that of Oh et al. (2018)
for estimating the mass of bulk-Earth composition (McDonough, 2003) material
engulfed in one star given abundance measurements for a binary pair. This model
estimates the apparent engulfed mass, which is the quantity inferred from stellar
surface measurements assuming the planetary material is mixed throughout the

convective zone, but not deeper.

Assuming solar abundances for the engulfing star [X/H] (Asplund et al., 2009), the

model computes the mass fraction of each element X as follows:

10[XH]

—_—, 54
leO[X/H]mX ( )

f X,photo =

where myx is the mass of each element. Given a total mass of accreted material
M. and accreted mass fractions for each element fx acc, the abundance difference

between the stars is

f X,photo f (674 M star + f X,acc M acc
f X,photo f CZ M star

A[X/H] = log;, , (5.5)

where fcz is the mass fraction of the outer convective zone. For more details on
the engulfment model, see Oh et al. (2018). Our implementation makes use of
the dynesty nested sampling code (Speagle, 2020) to fit the estimated amount
of engulfed mass. We also added abundance scatter estimated as a function of
observation signal-to-noise ratio (SNR) as reported by Brewer and Fischer (2018),

assuming an SNR level of 200/pix to mimic high quality observations.

We fit for the apparent amount of engulfed mass according to our model at five
different time points that span from immediately post-engulfment to ~2 Gyr after
the engulfment event (Figure 5.8, black points connected via dashed line). The fitted
mass begins at 8.60 + 0.52 Mg and falls to 3.35 + 0.60 Mg over this time period.
Our model underestimates the initial engulfed mass because it assumes all accreted
material is initially contained in the convective zone, which is not completely accu-
rate; overshoot mixing pulls engulfed material underneath the convective zone to an
additional depth of ~10% the convective zone mass. We note that while the signature
appears clear even at the ~2 Gyr post-engulfment point, abundance measurements
from real observations will exhibit scatter due to instrumental effects, observing
conditions, etc., making refractory enhancements below the 0.05 dex level at this

point nearly undetectable.



138

5.3 Discussion

The strength and duration of planet engulfment signatures are affected by the amount
of mass engulfed, the properties of the engulfing star, and the conditions of the
engulfment event, e.g., when the event occurred within the lifetime of the system.

We discuss how these factors influence engulfment signature evolution here.

We considered engulfed masses of 1, 10, and 50 Mg. 10 Mg engulfment can
be considered nominal as formation of a solid ~10 Mg core triggers runaway gas
accretion according to the core accretion model of planet formation. However some
giant planets may possess up to ~100 Mg worth of refractory material, perhaps due
to protoplanet merger events that occurred prior to disk outgassing (Ginzburg and
Chiang, 2020). We tested planet masses up to 50 Mg to account for occasional
engulfment of such “heavy metal Jupiters”. Larger amounts of engulfed mass result
in higher initial enrichment, but also stronger u-gradients that enhance thermohaline
mixing and subsequent refractory depletion. These effects are illustrated throughout
different engulfing star mass regimes (Figure 5.2). For low-mass stars (0.5-0.7 My),
observable enrichment is only achieved for engulfed planetary masses of >50 Mg,
and last for ~900 Myr—3 Gyr. For more massive, solar-like (0.8—1.2 M) stars with
thinner convective envelopes, observable signatures result from 10 Mg engulfment,
and last for ~1 Myr—2 Gyr. Thus, engulfment signature detection in stars older than
2 Gyr assuming near-instantaneous nominal 10 Mg engulfment near ZAMS will be

rare.

The lifetimes of observable engulfment signatures can increase under different ac-
cretion scenarios, or with different engulfing star parameters. Late-stage engulfment
of a 10 Mg planet by a 1 M star at 300 Myr—3 Gyr post-ZAMS produces observ-
able enrichment on timescales of ~1.5 Gyr. For comparison, engulfment under
the same conditions but occurring exactly at ZAMS results in signatures that re-
main observable for only ~90 Myr. Lowering the engulfing star metallicity also
increases engulfment signature lifetimes; 1 My models with sub-solar metallicities
(Z =0.012) sustain >0.05 dex levels of enrichment for ~3 Gyr following engulfment
of a 10 Mg planet. Thus, engulfment signatures in stars older than 1.5 Gyr are more
likely to be observed if the star is low metallicity, and/or if engulfment occurred late

in the lifetime of the system.
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Comparison to Observations

As mentioned in Section 5.1, there are several reported binaries with >0.05 dex
refractory differences. All the potentially engulfing stars in these systems are in the
solar-like mass regime, and those with reported ages are older than 1.5-2 Gyr. Late
ages are typical for these systems; the strongest engulfment detection reported thus
far is HD 240429-30 (Kronos-Krios), which is 4.0—-4.28 Gyr old (Oh et al., 2018).
Such refractory enrichments are unlikely to stem from ZAMS engulfment because
our MESA models do not exhibit observable engulfment signatures on timescales
longer than ~2 Gyr for solar-like stars under these conditions. Late-stage (300
Myr—3 Gyr post-ZAMS) engulfment is also unlikely as signatures will persist on
timescales of only ~1.5 Gyr for 1 Mg, stars. However, four of the reported systems
have sub-solar metallicities (£ 2 Reticuli, HD 134439—40, HIP 34407-26, and HD
133131) below Z = 0.012, which increase signature timescales from nominal 10 Mg

engulfment to ~3 Gyr.

The non-engulfing (Krios) and engulfing (Kronos) companions of Kronos-Krios
have metallicities of [Fe/H] = 0.01 and 0.20 dex (Z = 0.017 and 0.027), respectively.
Thus, potential explanations for the strong signature (15 Mg of estimated engulfed
material, Oh et al. 2018) in this system could be some combination of late-stage
engulfment, a large (x50 Mg) amount of mass engulfed, and chance observation
of Kronos-Krios soon after its engulfment event. An alternative explanation is that
the Kronos-Krios abundance differences are primordial rather than due to planet
engulfment. This possibility is supported by the large projected separation of the
system (11,000 = 12 AU), which we calculated from Gaia DR3 astrometry. These
lengths exceed typical turbulence scales in molecular clouds (0.05-0.2 pc, Brunt,
Heyer, and Mac Low 2009 and references therein), indicating that Kronos-Krios may

have formed in distinct areas of chemodynamical space within their birth cloud.

Stellar twin pairs (ATeg < 200 K, Andrews et al. 2019) are best for uncovering
engulfment signatures because their abundances are free from differences due to
mass-dependent evolution. However, many stellar binaries are composed of stars
with different masses and stellar types. We found that higher mass stars (M >
1 M) with thinner convective zones exhibit faster refractory depletion following
engulfment (Figure 5.1). Sevilla, Behmard, and Fuller (2022) found this can be true
even in the absence of engulfment due to gravitational settling. Thus, binary pair
stars with different masses that begin chemically homogeneous may have different

surface abundances at late times, even without planet engulfment. We thus argue
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that engulfment signatures are most reliable for twin binaries with nearly equal
mass components, and observations targeting planet engulfment should focus on

such systems.

Our models indicate that engulfment signatures are longest lived in stars with M =
1.1-1.2 Mg (ZAMS temperatures of T.g ~ 6100—6400 K) and are thus more likely
to be observed in stars slightly hotter than the Sun. We also predict longer-lived
signatures in lower metallicity stars, which are hotter at the same mass. While the
primordial metallicity (i.e., the metal content not including the engulfed planetary
material) of stars is not easy to determine, we predict that stars with observable
engulfment signatures will have lower primordial metallicity on average than non-
enriched stars. This prediction could be tested with abundance measurements of
non-refractory material (e.g., carbon or nitrogen) to estimate the pre-engulfment

metallicity of the star.

Limitations

There are a few limitations in our MESA implementation that could be addressed
in future studies. One issue is how we implemented mixing beyond thermohaline,
overshoot, diffusion, and radiative levitation to account for other poorly understood
mixing processes that operate within stellar interiors, e.g., turbulence and rota-
tionally induced mixing. We used a constant min_D_mix coeflicient to add this
extra mixing in order to match observations of lithium depletion in solar-like stars
(Sevilla, Behmard, and Fuller, 2022). However, this simple prescription will not
reproduce the higher amount of mixing expected below the convective zones of
massive stars due to, e.g., meridional circulation. Radiative levitation will also play
a more prominent role in hotter and more massive stars. More accurate prescriptions
for additional mixing processes would be a good addition to future studies of planet

engulfment.

As discussed in the section on bulk Earth accretion, we were unable to imple-
ment instantaneous accretion representing planet engulfment because MESA failed
to converge. Instead, we implemented engulfment via rapid accretion, resulting in
an engulfment duration of slightly shorter than 10,000 years. While this period is
much shorter than timescales of refractory depletion (>1 Myr), it is still much longer
than instantaneous engulfment, which should occur within years. In addition, we
did not consider the scenario of rapid engulfment that could plunge an engulfed

planet deep within the stellar interior, and lead to its slow disintegration within the
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star (Jia and Spruit, 2018). This could even result in the planet plunging past the
convective zone in more massive stars, significantly decreasing the strength and
duration of refractory enhancements in the photosphere. These issues should be

taken into consideration to more accurately model different engulfment scenarios.

5.4 Summary

We used MESA models to simulate planet engulfment and mixing of material through-
out the star due to convection, thermohaline mixing, diffusion, gravitational settling,
and radiative levitation. We examined the evolution of measurable surface abun-
dances under a range of accretion scenarios by varying the engulfed planet mass,
the properties of the engulfing star, and the engulfment time and/or duration (pre-
MS disk accretion, ZAMS, late heavy bombardment, and late-stage). We found
that these conditions greatly affect the strength and duration of resultant planet

engulfment signatures.

Near-instantaneous engulfment occurring when the engulfing star reaches ZAMS
results in different timescales for observable engulfment signatures as a function of
engulfing star mass. At solar metallicity, the signature is largest and longest-lived
for stars with M =~ 1.1-1.2 My. We found that following planetary engulfment,
thermohaline mixing quickly depletes the engulfment signature, lowering the in-
creased surface abundances by a factor of ~2 in the first ~5—45 Myr. Afterwards,
gravitational settling further depletes surface abundance enhancements on longer
timescales. Observable signatures last for less than ~2 Gyr in all our models, apart
from our 1.2 My model where radiative levitation causes a ~5 Gyr post-engulfment
increase in surface abundances of certain chemical species (e.g., SOFe, 27Al, 28Si).
Engulfment scenarios mimicking LHB or pre-MS disk accretion result in shorter ob-
servable signature timescales compared to ZAMS engulfment. In LHB engulfment,
refractory material is continuously depleted throughout longer accretion periods,
resulting in almost no refractory enrichment post-engulfment. In disk accretion,
refractory material is ingested by the star earlier in its lifetime, and is more heavily
diluted within its larger convective envelope (relative to the size of a convective
envelope of a star at ZAMS). This results in signatures weaker than those of ZAMS
scenarios, but slightly stronger than those of LHB scenarios.

Observable engulfment signature lifetimes increase for late-stage engulfment (300
Myr-3 Gyr post-ZAMS) scenarios, where the signatures of 10 My engulfment
can persist for ~1.5 Gyr in solar-like stars. Observable signatures are also more
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prominent for low-metallicity stars, lasting for ~3 Gyr in 1My stars with Z =
0.012 and ZAMS accretion. These conditions are thus more likely explanations for

engulfment signatures observed in solar-like stars with ages >1.5 Gyr.

The strong dependence of engulfment signature strength and duration on stellar
type, along with fewer theoretical uncertainties when modeling equal-mass stars,
both underscore that stellar twin binaries are best-suited for observational planet
engulfment surveys. We conclude that twin binaries with 1.1-1.2 My masses are

the most promising targets for engulfment detections.
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Abstract

The elemental abundances of planet host stars can shed light on the conditions of
planet forming environments. We testif individual abundances of 130 known/candidate
planet hosts in APOGEE are statistically different from those of a reference dop-
pelginger sample. The reference set comprises objects selected with the same Ty,
log g, [Fe/H], and [Mg/H] as each Kepler Object of Interest (KOI). We predict twelve
individual abundances (X = C, N, O, Na, Al, Si, Ca, Ti, V, Cr, Mn, Ni) for the KOIs
and their doppelgingers using a local linear model of these four parameters, training
on ASPCAP abundance measurements for a sample of field stars with high fidelity
(SNR > 200) APOGEE observations. We compare element prediction residuals
(model-measurement) for the two samples and find them to be indistinguishable,
given a high quality sample selection. We report median intrinsic dispersions of
~0.038 dex and ~0.041 dex, for the KOI and doppelgédnger samples, respectively,
for these elements. We conclude that the individual abundances at fixed 7.4, log g,
[Fe/H], and [Mg/H] are unremarkable for known planet hosts. Our results estab-
lish an upper limit on the abundance precision required to uncover any chemical

signatures of planet formation in planet host stars.

6.1 Introduction

The elemental abundances of planet host stars bear the fingerprint of the processes
governing planet formation and evolution. For example, it is well established that
stars hosting giant planets often have enhanced iron abundances ([Fe/H]; Gonzalez
1997; Heiter and Luck 2003; Santos, Israelian, and Mayor 2004; Fischer and Valenti
2005). This is typically regarded as evidence for the core accretion model of planet
formation (e.g., Rice and Armitage 2003; Ida and Lin 2004; Alibert, Mordasini,
and Benz 2011; Mordasini et al. 2012; Maldonado, Villaver, Eiroa, and Micela
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2019); the host star [Fe/H] can be considered a proxy for the solid surface density
of protoplanetary disks. In this context, more solids translate to rapid growth
of planetary cores that can reach a critical mass of ~10 Mg before the disk gas
dissipates. This enables accretion of a substantial gaseous envelope. The planet-
[Fe/H] trend appears to weaken with decreasing planet mass/radius (Sousa, Santos,
et al., 2008; Ghezzi, Cunha, et al., 2010; Ghezzi, Montet, and Johnson, 2018;
Schlaufman and Laughlin, 2011; Buchhave, Latham, et al., 2012; Buchhave and
Latham, 2015; Wang et al., 2015), but becomes stronger with decreasing orbital
period, particularly in the P < 10 days regime (Mulders et al., 2016; Narang et al.,
2018; Petigura et al., 2018; Wilson et al., 2018; Sousa, Adibekyan, et al., 2019;
Ghezzi, Martinez, et al., 2021). Thus, the distributions of planet masses, radii, and
orbital periods are sculpted by the amount of available solids and therefore the host

star metallicity and planet forming environment.

The connections between [Fe/H] and planet architectures are well-studied because
there are many strong iron absorption lines in the spectra of solar-like stars, making
it a relatively easy abundance to constrain. High precision abundances beyond iron
are more challenging to measure, but can unveil more detailed relationships between
host star chemistry and planet architectures. For example, Adibekyan, Santos, et al.
(2012) found that Fe-poor (—0.1 < [Fe/H] < 0.2 dex) hosts of small and giant planets
exhibit enhanced [X/H] ratios for Mg, Al, Si, Sc, and Ti. The authors later examined
a sample of even more Fe-depleted (—0.65 < [Fe/H] < —0.3 dex) stars that host small,
rocky planets, and found strong enhancements in Ti (Adibekyan, Delgado Mena,
et al., 2012). Similarly, Maldonado, Villaver, and Eiroa (2018) found that Fe-poor
host stars of cool Jupiters tend to be enhanced in alpha-elements. These results
suggest that other refractory elements can compensate for low iron content during

planet building block formation (e.g., Bashi and Zucker 2019).

Abundances beyond iron can also place constraints on planet formation locations
and interior compositions. For example, the stellar C/O ratio characterizes the H,O,
CO,, and COice lines in protoplanetary disks, and can be used as a sensitive tracer of
formation location when compared to the C/O ratio of planetary atmospheres (Oberg,
Murray-Clay, and Bergin, 2011); sub-stellar and super-stellar atmospheric C/O
generally indicate planet formation within and beyond the H,O ice line, respectively.
The host star C/O ratio can also dictate if planetary compositions will be dominated
by carbonates or silicates, with further ratios like Mg/Si determining the types of

silicates in low C/O regimes (e.g., Brewer and Fischer 2017).
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Figure 6.1: The log g vs. T.g probability density functions for the ~129,000 high
fidelity APOGEE DR17 stars (gray). The contours represent areas encompassing
10% of the cumulative probability mass. The 130 non-‘False Positive’ KOIs included
in the high fidelity sample with doppelgingers are shown as circles, with colors
representing their [Fe/H] values.

Particular abundance patterns are also thought to be indicative of planet formation,
as suggested by measured individual abundance trends with element condensation
temperature (7). This is based on the premise that rocky planet-forming material
more readily incorporates elements with high 7, (e.g., Ti, Al, Y) that reside in
the solid phase throughout most of the disk. Conversely, low 7, elements (e.g.,
C, N, O) are more likely to remain in the gas phase. Planet compositions are
thus characterized by larger abundances in order of increasing 7. It follows that
adding planetary material to host stars will create refractory enhancements in stellar
photospheres and a positive abundance gradient with 7,.. This could result from
processes such as planet engulfment, or steady accretion of solids during Late Heavy
Bombardment-like events. Depletion trends in order of 7, could likewise result from
an absence of planetary material in host star photospheres. This could result from
solids getting locked up in rocky planets and subsequent accretion of dust-depleted

gas onto the host star (Meléndez et al., 2009), or from gaps in protoplanetary disks
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Figure 6.2: The radius vs. orbital period distribution for our sample of 130 KOI
systems, with the ASPCAP-reported [Fe/H] of their host stars marked in color.
Hot/warm Jupiters are defined as planets with R > 8 Rg and P < 100 days (red
region), hot/warm sub-Saturns with 4 Ry < R < 8 Rg and P <100 days (orange
region), cold Jupiters with R > 8 Rgy and P > 100 days (purple region), cold
sub-Saturns with 4 Rg < R < 8 and P > 100 days (dark blue region), and super-
Earths/sub-Neptunes with R < 4 Rg (light blue region).

created by forming giant planets that prevent host star accretion of refractory material
(Booth and Owen, 2020). Such trends with 7, have been observed in the differential
abundances of several binary systems (Ramirez, Meléndez, Cornejo, et al., 2011;
Mack et al., 2014; Tucci Maia, Meléndez, and Ramirez, 2014; Teske, Ghezzi, et al.,
2015; Ramirez, Khanal, Aleo, et al., 2015; Biazzo et al., 2015; Saffe, Flores, et al.,
2016; Teske, Khanal, and Ramirez, 2016; Adibekyan, Delgado-Mena, et al., 2016;
Saffe, Jofré, et al., 2017; Oh et al., 2018; Tucci Maia, Meléndez, Lorenzo-Oliveira,
et al., 2019; Ramirez, Khanal, Lichon, et al., 2019; Nagar, Spina, and Karakas,
2020; Galarza et al., 2021; Jofré et al., 2021), and in larger samples. For example,
Nibauer et al. (2021) analyzed 1700 solar analogs from the Apache Point Galactic
Evolution Experiment (APOGEE), and found that 70—90% of solar analogs appear
depleted in refractory elements in order of 7. Thus, there is ample evidence that

abundance alteration via planet formation processes is common.
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Stellar elemental abundances beyond iron are therefore important for understand-
ing planet formation and evolution. Drawing connections between abundances and
planet architectures require sufficiently large stellar samples to establish statistically
significant correlations, as well as high precision (~0.01 dex uncertainties) abun-
dance measurements (Meléndez et al., 2009; Ramirez, Meléndez, and Asplund,
2014; Schuler, Vaz, et al., 2015). Here, we utilize APOGEE DR17, which provides
high-resolution spectra (R ~ 22,500) and derived parameters for >650,000 stars
(Abdurro’uf et al., 2022). This enormous sample will boost abundance pattern
statistics, making it possible to compromise on individual abundance precisions.
The APOGEE DRI17 parameters include individual abundances for 20 species,
measured with the APOGEE Stellar Parameter and Chemical Abundances Pipeline
(ASPCAP) pipeline that achieves typical abundance precisions of <0.1 dex (Gar-
cia Pérez et al., 2016). The full second generation APOGEE sample observed at
the Apache Point Observatory (APOGEE-2N) contains 2098 stars also observed
by Kepler, where 824 are confirmed planet hosts. This makes APOGEE DR17 an
excellent sample for exploring connections between host star chemistry and planet

formation. We describe our data selection further in Section 6.2.

Our goal is to examine individual abundances in planet hosts in isolation of other
parameters, such as evolutionary state and overall metallicity. We want to determine
if the individual abundances are differentiable in any way from the underlying
field population (where planet membership is unknown). To this end, we take the
Kepler Objects of Interest (KOIs, defined as stars that host confirmed or candidate
planets) observed in APOGEE, and construct a reference set of doppelgédngers with
identical Teg, log g, [Fe/H], and [Mg/H] from the APOGEE field. This reference set
corresponds to one doppelginger per KOI. Recent work has demonstrated that (Fe,
Mg) alone capture the majority of abundance dimensionality for stars more metal-
rich than [Fe/H] > —1.0 dex with surprising predictive power (Weinberg, Holtzman,
Hasselquist, et al., 2019; Griffith et al., 2021; Weinberg, Holtzman, Johnson, et
al., 2022; Ness et al., 2022). This is because these elements are fiducial tracers
of two primary production sources, specifically core collapse supernovae and low
mass stellar explosions. However, small individual abundance variations at fixed
(Fe, Mg) may represent (at least in part) key additional information on stellar birth
and evolutionary histories (Weinberg, Holtzman, Johnson, et al., 2022; Ting and
Weinberg, 2022; Ness et al., 2022). Individual abundances are inherited from birth
and can be modified as a consequence of both internal (e.g., dredge up, Souto et al.

2019) and external evolution (e.g., planet engulfment, Oh et al. 2018). Therefore,
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Figure 6.3: The left panel displays the [Fe/H] distributions for our KOI (red) and
doppelgénger (blue) samples, as well as that of a sample of non-planet host field
stars drawn from the Kepler field (gray). The right panel displays the [Mg/H]
distributions for our KOI (red) and doppelginger (blue) samples, as well as that of
a sample of non-planet host field stars drawn from the Kepler field selected to have
the same [Fe/H] as our KOI sample (gray).

abundance scatter in absence of (Fe, Mg) and evolutionary state contributions may
encode abundance deviations from birth. Stars with planets may furthermore be
born with different abundance distributions at fixed (Fe, Mg) compared to stars

without.

Rather than simply comparing the individual elemental abundance distributions of
our KOI and doppelgédnger samples, we use a four-parameter (T, log g, [Fe/H],
[Mg/H]) model to predict the individual abundances of both the doppelgidnger and
KOI sets. This approach enables a quantitative exploration of the relative predictive
power these four parameters hold for abundances of KOI stars compared to those
of the field population. It also allows us to examine element correlations if there
are clear discrepancies between the KOI and doppelginger samples. Our model
is detailed in Section 6.3. The stars we use to build our model are effectively
drawn from the same underlying population as our doppelgéngers in that none are
confirmed/candidate planet hosts; we do not know their planet memberships. This
enables us to examine how well we can predict each individual element while only
considering our four predictors. We present the results of our abundance residual
analysis in Section 6.4, and discuss these results in the context of potential planet

host star chemistry and planet formation connections in Section 6.5.
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6.2 Data

We assemble a high fidelity sample of APOGEE DR17 stars with abundance mea-
surements for twelve elements (X =C, N, O, Na, Al, Si, Ca, Ti, V, Cr, Mn, Ni). These
abundances are determined by the ASPCAP pipeline (Garcia Pérez et al., 2016), and
are reported with respect to Fe. Because we are interested in abundance patterns
resulting from planet formation with respect to hydrogen rather than enhancements
with respect to iron, we convert the abundances as relative to hydrogen ([X/H] =
[X/Fe] + [Fe/H]). We then apply the following quality cuts which leaves a sample
of ~129,000 stars (Figure 6.1):

T.gq = 4500-5500 K

logg > 1.8 dex

SNR > 80

[X/Felerror < 0.1 dex

Flag ASPCAPFLAGS not set to STAR_BAD, M_H_BAD, ALPHA_M_BAD
Flag STARFLAGS not set to VERY_BRIGHT_NEIGHBOR

We then cross-match the sample with a catalog of 2098 KOIs observed by APOGEE-
2N (Caleb Canas, private correspondence), resulting in 220 high fidelity KOI stars
from APOGEE DR17. We cross-match the resulting sample with the final Kepler
planet candidate catalog data release (DR25, Coughlin, Thompson, and Kepler
Team 2017) to obtain up-to-date candidate dispositions and planetary parameters.
We subsequently remove all KOIs marked as ‘False Positive’, which indicates that
the detected signals are due to events other than exoplanet transits, e.g., eclipsing
binaries. This cut leaves 128 confirmed planets and 56 planet candidates hosted
by 131 APOGEE DRI17 stars. As expected, the KOI-APOGEE DR17 sample is
dominated by “Kepler-like” architectures. That is, planets characterized as super-
Earths or sub-Neptunes (e.g., Winn and Fabrycky 2015; Yang, Xie, and Zhou
2020); ~92% of the KOIs fit this category by hosting confirmed/candidate planets
with orbital periods and planet radii of P < 400 days and R < 4 Rg, respectively
(Figure 6.2).

Next, we construct a set of doppelginger stars to our KOI-APOGEE DR17 sample.
The doppelgingers are drawn from the ~129,000 high fidelity stars selected from the
APOGEE field, and have unknown planet membership. We select doppelgéingers

by defining a similarity metric between two stars:
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Figure 6.4: AT.x (upper left), Alogg (upper right), A[Fe/H] (lower left), and
A[Mg/H] (lower right) distributions for each KOI-doppelginger pair. The aver-
age associated errors added in quadrature (for KOIs and doppelgingers) for each
parameter are shown in the dashed red lines, and encompass the majority of the
distributions (~77%, ~85%, ~78%, and ~81% for the AT.g, Alog g, A[Fe/H], and
A[Mg/H] distributions, respectively).
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which incorporates the relative T, log g, [Fe/H], and [Mg/H] between the two
stars, and their associated errors added in quadrature. These parameters are ideal
for selecting doppelgéngers because T and log g describe the stellar evolutionary
state, while [Fe/H] and [Mg/H] represent fiducial contributions from supernovae as

mentioned earlier. Together, these parameters effectively create a four-dimensional
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reference frame to examine variance in individual elements. We select one doppel-
ginger per KOI, defined as the high fidelity non-KOI star drawn from the APOGEE
field with the smallest D? metric value relative to that KOI, and SNR matching to
within 20/pix. This SNR condition cannot be met for one KOI and any other star in
the high fidelity sample, so we remove it and are left with a final KOI sample of 130
stars (Figure 6.1, colored circles).

Because we select our doppelgédngers on KOI [Fe/H], there is a concern that our
doppelginger sample may have a higher rate of planet occurrence compared to a
field star sample due to the known [Fe/H]-planet occurrence relation. To test this,
we compare the [Fe/H] distributions of our KOI and doppelginger samples with that
of a field star sample drawn from the Kepler field that lack planets (‘False Positive’
candidates). The [Fe/H] distributions of these three samples all span approximately
the same [Fe/H] range and roughly peak at the same [Fe/H] value (~0.1 dex) (Figure
6.3, left panel). We conclude that our doppelgéinger sample is not significantly more
[Fe/H]-rich that a sample of non-planet hosting field stars, and thus do not expect
our doppelgingers to have a higher rate of planet occurrence compared to field stars
based on [Fe/H].

Because we select our doppelgéangers on KOI [Mg/H] as well, we also test if [Mg/H]
correlates with planet occurrence independent of [Fe/H]. To do this, we construct
another field star sample by drawing with replacement from all non-planet hosting
Kepler field stars, with each draw pulling a field star with the closest [Fe/H] to that of
each KOI. We then examine the [Mg/H] distributions of our KOI and doppelgénger
samples, as well as that of the new KOI [Fe/H]-matching non-planet host Kepler
field star sample (Figure 6.3, right panel). All three [Mg/H] distributions are
quite similar, indicating that our selection on [Mg/H] does not significantly bias
the doppelginger sample relative to field stars without known planets. Thus, our
doppelginger sample does not have a higher rate of planet occurrence compared to
field stars due to selection on KOI [Mg/H].

The AT.q, Alog g, A[Fe/H], and A[Mg/H] distributions for all KOI-doppelgédnger
pairs are provided in Figure 6.4. These distributions are centered on zero, which
indicates that there are no systematic biases. The average associated errors added
in quadrature (for KOIs and doppelgingers) for each parameter across all pairs are
marked in the dashed red lines, which contain ~77%, ~85%, ~78%, and ~81% of
the AT, Alog g, A[Fe/H], and A[Mg/H] distributions, respectively. Thus, the dif-

ferences in parameters between KOIs and their respective doppelgingers are largely
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contained within their typical errors. There are 14 KOI-doppelgénger pairs that
have [Fe/H] and [Mg/H] abundance differences far from the typical error bound-
aries (which we define as A[Fe/H] or A[Mg/H] less than —0.03 dex or greater than
0.03 dex, see Figure 6.4). We remove these outlier KOI-doppelgénger pairs and
recompute the intrinsic dispersion of our abundance predictions (see Section 6.5
for a full description of our intrinsic dispersion analysis). We find that the intrinsic
dispersion results do not change outside of our reported precision, and thus deter-
mine that the inclusion of these KOI-doppelginger outlier pairs does not affect our

abundance prediction results.

We constructed another doppelginger sample also selected on K-band extinction
Ay as provided by the AK_TARG column in APOGEE DR17. The similarity metric

is modified to include the A; term as follows:

D - ( AT 2 ( Alogg )2+
2
O-Teﬂr 1 Teﬂ 2 \/O-logg 1 logg 2
A[Fe/H] 2 A[Mg/H] 2
( ) M ( ) M (6.2)

\/ TimgH11 T O-[Mg/H],Z

)

2 2
\/ Oirem)1 t O(rerm2

Tha O
The K-band extinction characterizes the strength of absorption features in the optical
and near-infrared wavelength range, e.g., diffuse interstellar bands (DIBs). These
spectral features probe dusty regions of the interstellar medium (ISM), which is
valuable from a planet formation perspective as planet occurrence is enhanced in
metal-rich environments. We thus include this additional doppelgidnger sample
criterion for conducting a stricter test of similarity by also considering the line-of-
sight ISM.

6.3 Regression Model

We construct a local linear model for each KOI to determine how well we can predict
abundances from our four parameters of interest (T.¢, log g, [Fe/H], and [Mg/H]).
We note that including the evolutionary state parameters accounts for any systematic
changes in abundance with T.g or logg. The local linear models employ simple
linear regression (Hastie, Tibshirani, and Friedman, 2001), where each individual

model is constructed from a training set specific to that KOI drawn from the high
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fidelity APOGEE DR17 sample of ~129,000 stars. The training sets are selected
by defining a region around each KOI in parameter space (e.g., Sayeed et al. 2021;
Ness et al. 2022). We outline the steps of our approach below, where the parameters
selected as predictors are Y= (Tesr, log g, [Fe/H], [Mg/H]), and the twelve predicted
abundances are X = (C, N, O, Na, Al, Si, Ca, Ti, V, Cr, Mn, Ni):

1. We standardize the parameters used as predictors across the entire high fidelity
sample. This is done for each star by subtracting the mean and dividing by
the standard deviation: y = (Y - Y)/oy.

2. For each star in our high fidelity sample, we identify the nearest k neighbors
in predictor parameter space according to the Euclidean distance. We carried
this out with the scikit-learn (sklearn) package implemented in Python
(specifically sklearn.neighbors.KDTree).

3. We construct a local model for each KOI from the k nearest non-KOI neigh-
bors. We select k = 100 but note that the model appears insensitive to the
choice of k; k = 50-300 produces comparable results (Ness et al., 2022). The
100 nearest neighbor training sets for each KOI include the KOI's correspond-

ing doppelgénger, but not the KOI itself.

4. We use linear regression, again applied via the sklearn package, to train
each local linear model. This modeling step elucidates the relationships
between the predictor parameters Y = (Tesr, log g, [Fe/H], [Mg/H]), and each
of the twelve abundances [X/H], separately. Each local model includes five
coeflicients constrained from linear regression, corresponding to the intercept

and one for each predictor parameter.

5. We predict a new set of twelve abundances for each KOI from their individual
local linear models. The predicted [X/H] can be compared with the measured
[X/H] from ASPCAP.

6. We carry out this procedure for (i) our KOI-APOGEE DR17 sample and (i1)
our corresponding doppelginger samples. The 100 nearest neighbor training
sets for each doppelgédnger do not include the doppelginger itself. The result
is a set of local linear models with one model per star for every star in each

sample. We subsequently use these models for abundance prediction.
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The average parameter space size spanned by the 100 nearest neighbors of all

KOIs and doppelgéngers can be likened to the average difference in each parameter

between the KOIs/doppelgidngers and their nearest neighbors.

The average AT.q,

Alog g, A[Mg/H], and A[Fe/H] for all KOIs and their neighbors range from 11.5-190
K, 0.011-0.358 dex, 0.007-0.107 dex, and 0.013-0.111 dex, respectively.
scatter in average AT.g, Alog g, A[Mg/H], and A[Fe/H] across all KOIs are 46.4
K, 0.067 dex, 0.025 dex, and 0.023 dex, respectively. For the doppelgingers, the
average differences range from 13.9-212 K, 0.012-0.348 dex, 0.007—-0.128 dex,
and 0.0146-0.133 dex. The scatter in average differences are 46.4 K, 0.063 dex,

The
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0.028 dex, and 0.024 dex.

6.4 Results

Local Linear Model Predictions

Our local linear model-predicted abundances are plotted against ASPCAP abun-
dances for the twelve considered elements in Figure 6.5. The doppelgéinger sample,
doppelginger sample also selected on Ay, and KOI sample are shown in the panels
from left to right. We calculated the intrinsic dispersion of the abundance predictions
from the root mean square (rms) difference between the model—measurement abun-

dances, and the average ASPCAP abundance uncertainty (which can be assumed as
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the same for each star): Cintrinsic = \/ o'rzmS - oﬁmsuremm. For the KOlIs, the intrinsic
dispersion values across all elements range from oipginsic = 0.019-0.167 dex, with
Na and Ca exhibiting the highest and lowest values, respectively. In other words, the
measured Na abundances tend to deviate most significantly from the model and the
measured Ca abundances the least. If we group the abundances into light (C, N, O,
Na, Al, V), alpha (Si, Ca), and iron-peak (Ti, Cr, Mn, Ni) element groups, the median
intrinsic dispersion values are 0.060 dex, 0.021 dex, and 0.040 dex, respectively.
For the doppelgingers, the intrinsic dispersion values range from 0.017-0.128 dex,
with Na also exhibiting the highest value, but Si exhibiting the lowest value. The
light, alpha, and iron-peak element groups have median intrinsic dispersion values
of 0.053 dex, 0.017 dex, and 0.036 dex, respectively. While the majority of our
sample is dominated by “Kepler-like” super-Earth/sub-Neptune architectures, we
examine if other planet architectures result in different intrinsic dispersions. We
divide the KOI sample into four architecture categories, namely hot/warm Jupiters
(R > 8 Rg and P < 100 days), hot/warm sub-Saturns (4 Rg < R < 8 Rg and P < 100
days), cold Jupiters (R > 8 Rg and P > 100 days), and super-Earths/sub-Neptunes (R
<4 Rg). There are eight hot Jupiters, 17 sub-Saturns, and five cold Jupiters among
the KOI sample, with the remaining classified as super-Earths/sub-Neptunes. The
average intrinsic dispersions are 0.033 dex, 0.056 dex, 0.037 dex, and 0.046 dex for
the hot/warm Jupiters, hot/warm sub-Saturns, cold Jupiters, and super-Earths/sub-
Neptunes, respectively. Thus, the intrinsic dispersion values do not change much as
a function of planet architecture, and are well-within the intrinsic dispersion range
of the entire KOI sample. We conclude that architecture differences do not change
the deviations between predicted and ASPCAP abundances, though larger samples

of non-“Kepler-like” systems are needed to further investigate this.

We calculate the error on intrinsic dispersion Ojpyinsic by sampling all abundances
from their error distributions 20 times, running the local linear models, then taking
the scatter of the resulting ojpgrinsic values as the error on oipyrinsic- We also calculate
the abundance prediction bias as the difference of the average predicted and ASPCAP
abundances for each element. The bias is approximately zero for the doppelgédnger
and KOI samples across all twelve abundances, which indicates that our predicted
abundances are unbiased. The rms difference and intrinsic dispersion measurements
are approximately equal across all abundances except for Na; for the KOIs, oiptrinsic =
0.17 dex, while for the doppelginger and Ay doppelgédnger samples, Tingrinsic = 0.13

dex and 0.12 dex, respectively. We plot the intrinsic dispersion measurements for
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all abundances and samples in order of their condensation temperature 7, in Figure
6.6. There is no apparent 7, trend, and the largest difference between the intrinsic

dispersion values of the KOI and doppelgidnger samples for [Na/H] is apparent.

The large intrinsic dispersion value for predicted [Na/H] exhibited by the KOI sample
appears to be driven by five outlier stars that lie anomalously far from the 1-to-1
trend (Figure 6.5, [Na/H] KOI panel). We examine the spectra of these outlier stars
near the Na spectral features used to derive [Na/H] in the ASPCAP pipeline (window
centered on 16378.276 A, Feeney, Wandelt, and Ness 2021), shown in Figure 6.7.
There are no obvious differences between the Na features of the KOIs and their
corresponding doppelgédngers. Thus, we propose that the differences in intrinsic
dispersion values between the KOIs and doppelgéngers are due to poorly measured
Na values rather than any real astrophysical differences between the samples. We
calculate the average abundance error of our twelve considered elements for the
sample of high fidelity (SNR > 200) field stars, and find that [Na/Fe] exhibits an
average error of 0.060 dex, the second-to-largest among these elements after [V/Fe]
(0.073 dex). For comparison, the typical average error of these twelve abundances
is ~0.03 dex. We conclude that Na is generally poorly measured by the ASPCAP

pipeline.

We also examine the heliocentric velocity Vielio as Ness et al. (2022) found abundance
residual trends with Vj,eji0 that indicate contamination from ISM features. Our [Na/H]
residuals do not display such trends, so we conclude that the intrinsic dispersion

differences between KOIs and doppelgédngers are not due to ISM contamination.

Higher Quality Sample

We examine if the KOI [Na/H] intrinsic dispersion remains much larger than those
of the doppelgédnger samples with more stringent cuts on [X/Feleor. To investigate
this, we construct a higher quality sample with cuts on [X/Fe]error < 0.07 dex rather
than 0.1 dex. This results in a substantial sample size decrease, from 130 to 27
KOIs. The five outlier stars in predicted and ASPCAP [Na/H] abundance space
are removed (Figure 6.8). The new [Na/H] intrinsic dispersion measurement for
the KOISs is Oijpgrinsic ® 0.062 dex, compared to those of the doppelganger and Ay
doppelganger samples, Cinginsic & 0.085 dex and 0.054 dex, respectively. Median
intrinsic dispersions across all abundances are ~0.038 dex and ~0.041 dex for the
KOI and doppelgédnger samples, respectively. This constitutes further evidence that

there is likely no systematic difference between the KOI and doppelgédnger samples,



163

and the initial differences in [Na/H] intrinsic dispersion were driven by targets with

large abundance uncertainties.

Sensitivity to Training Set

We are interested in testing how sensitive our abundance predictions are to the local
linear model training sets. Instead of selecting the nearest k = 100 neighbors in
predictor parameter Y= (Tesr, log g, [Fe/H], [Mg/H]) space as training sets, we took
a more generous approach by using a random selection of 100 stars from our high
fidelity APOGEE DR17 sample. We did this because we suspect that using even
a random selection of stars to construct the local linear models will do not change
the results significantly; we assume that the relationships between each element we
predict for and the four parameters of our models ([Fe/H], [Mg/H], T.¢, log g) are

fairly similar from star to star.

After using a random selection of 100 high fidelity APOGEE DR17 stars for our
local linear model construction, we find that the intrinsic dispersion results change
only slightly overall. The average intrinsic dispersion across all elements for the
KOlIs increase from 0.055 dex to 0.080 dex, at most increasing by a factor of ~2.2
for the most precisely predicted elemental abundances. The intrinsic dispersion
range for the KOIs shift from ojpinsic = 0.019-0.167 dex to 0.036—0.195 dex,
and from oipginsic = 0.017-0.128 dex to 0.032—0.173 dex for the doppelgingers.
The intrinsic dispersion errors also do not change within our reported precision.
We conclude that local linear models provide better fits to the data, but linear
models whose training sets span the full range of our parameter space also well
describe how abundance labels vary with our four predictive labels. The good
performance of the global model is presumably because [X/Fe] varies reasonably
linearly, conditioned on the labels, over the full range of our sample. This is true for
the galactic disk, but not similarly true for the galactic halo (i.e., Ness et al. 2022,
Weinberg et al. in prep.). Thus, if there are interesting/significantly non-linear
variations in the individual abundances at fixed (Fe, Mg), they must be below the
APOGEE abundance measurement precision. We conclude that our results will not
meaningfully change if we adopt the global model, which is reassuring. The local
linear model is however preferable and generalizes well to larger parameter spaces,
where the global model would presumably deteriorate as the data parameter space

increases.
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Condensation Temperature Trends

We further explore possible T, patterns by fitting linear trends to the 7.-ordered
abundances of each KOI and doppelgéinger star, respectively. We carry this out
for the model-predicted and ASPCAP-provided abundances. The distributions of
the linear trend slopes are shown in Figure 6.9. Both distributions are centered
on approximately zero, which indicates that there is no excess of T,-dependent

enrichment or depletion trends.

We construct similar distributions of linear trend slopes resulting from fits to 7,-
ordered abundances, but only considering elements with 7, > 1000 K (Mn, Cr,
Si, Ni, V, Ca, Ti, Al). Elements are refractory rather than volatile above this
temperature, and populate the steepest regions of abundance versus 7, trends in
patterns exhibiting refractory enhancement or depletion. (Meléndez et al., 2009;
Ramirez, Meléndez, and Asplund, 2009; Bedell, Bean, et al., 2018). This is similar
to the analysis presented in Nibauer et al. (2021), which assessed T, trends of
elements with 7. > 900 K. The resulting slope distributions for the predicted and
ASPCAP abundances are shown in Figure 6.10. Both the ASPCAP and predicted
abundance distributions for the KOI and doppelginger samples exhibit a tail of
slopes towards the right of the distribution center that appears to peak at ~4x10™
dex K=!'. A similar secondary peak was found by Nibauer et al. (2021) in their 7.
slope distribution for >900 K elements from APOGEE DR16 data. This indicates
that our data reproduces the 7, patterns in field stars, which is reassuring. However,
we find fewer stars in the secondary peak at positive gradients compared to Nibauer
et al. (2021). This is potentially explained by our different stellar samples that span
different evolutionary states; Nibauer et al. (2021) examined stars across a narrow
range of the main sequence whereas we study stars across the main sequence and

red giant branch.

Another interesting feature in our ASPCAP abundance distributions is a small
tail towards negative slopes that stretches beyond —2x10~* dex K~! (Figure 6.10,
left panel). This tail of negative slope values is not apparent in our predicted
abundance distributions (Figure 6.10, right panel), or the Nibauer et al. (2021)
results. We calculate that ~10% and ~7.7% of the KOI and doppelginger ASPCAP
distributions are below —2x10~* dex K™, respectively, and therefore compose the
negative slope tail. The presence of this tail in the ASPCAP abundance distribution
but not the predicted abundance distribution may indicate that there is abundance

information not fully captured by (Fe, Mg) alone that may alter dex vs. 7, trends at
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the most negative slope regions. The absence of this tail in the Nibauer et al. (2021)
abundances, which are comparable to ASPCAP abundances, may again be due to

evolutionary state differences in our respective stellar samples.

T, patterns can also be examined by splitting abundances into volatile and refractory
groups, and fitting individual linear trends to both sets. This was done by Bedell,
Bean, et al. (2018) for a sample of solar twins (see their Figure 4). Stars with
enrichment trends will exhibit steeper linear fits to abundances with 7, > 1000 K
compared to abundances with 7, < 1000 K, while the opposite will be true for de-
pletion trends. We carry out this analysis for our KOIs and their doppelgédngers, and
provide examples of our linear trend fits in Figure 6.11. Because strong enrichment
results in steeper refractory trends, the linear fits will have lower intercept values.
Thus, enrichment pattern strength can be likened to the difference in volatile and re-
fractory linear fit intercepts. We plot the distributions of these intercept differences
in Figure 6.12. The distribution corresponding to ASPCAP abundances exhibits a
tail towards higher intercept differences that is not present in the distribution derived
from predicted abundances. We examine the ASPCAP T, trends for the KOIs with
the top five largest intercept differences, and find that they have anomalously low
measured [Na/H] (ranging from —0.23 dex to —1.29 dex) that are >0.2 dex below
the other measured abundances. The associated errors on measured [Na/H] are
large (0.074—0.94 dex). In addition, four out of the five KOIs with largest intercept
differences overlap with the five KOIs that are outliers in predicted and ASPCAP
[Na/H] space (Figure 6.5, [Na/H] KOI panel). This is further evidence that the
[Na/H] intrinsic dispersion differences in the initial sample selected on [X/Fe]error
< 0.1 dex are the result of large abundance uncertainties. We conclude that if
there are underlying differences in the individual abundance T, trends for the KOI
and doppelginger samples at fixed evolutionary state, [Fe/H], and [Mg/H], they
are marginal. To be detected, these differences must exceed the sensitivity of our
predicted abundances, which is typically oipginsic ® 0.038 dex and 0.041 dex for the
KOIs and doppelgingers, respectively.

6.5 Discussion

The planet-metallicity correlation remains the only proven connection between host
star chemistry and planet properties. We demonstrate that after removing the ef-
fects of evolutionary state and metallicity from two primary sources (Fe, Mg), the
individual abundances of confirmed/candidate planet hosts (KOIs) and a reference

doppelginger set with unknown planet membership are indistinguishable. More
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specifically, we compute model-measurement abundance residuals from ASPCAP
and predicted abundances using a four-parameter model (7.g, log g, [Fe/H], [Mg/H]),
and find that there are no differences in residual structure between the KOI and dop-
pelginger samples. We calculate the median intrinsic dispersion across all analyzed
elements other than (Fe, Mg) to be Tipginsic ® 0.038 dex and 0.041 dex for the KOI
and doppelgidnger samples, respectively, which can be taken as the minimum abun-
dance precision required for discerning individual abundance signatures related to

planet formation.

Because we do not know the planet membership of our doppelgédnger sample, some
doppelgéinger stars may be planet hosts. This is plausible because large planet
discovery surveys such as the Kepler and TESS missions have revealed that planets
are common. Using Kepler DR25, Hsu et al. (2019) recently calculated an upper
limit occurrence rate of 0.27 planets per star for 0.5—-16 Rg planets around FGK
dwarfs. Breaking occurrence rates by planet architectures reveals that the majority
of these planets are small (R = 1-4 Rg) and generally classified as super-Earths
and sub-Neptunes (e.g., Burke et al. 2015; Zhu et al. 2018; Bryson et al. 2021).
If a significant fraction of our doppelgéinger set consists of planet hosts, it makes
sense that the abundance distributions of our KOI and doppelginger samples are

indistinguishable at fixed (Fe, Mg) and evolutionary state.

To reliably examine abundance differences between planet hosts and reference dop-
pelginger stars drawn from the field, none of the reference stars should host planets.
Unfortunately, constructing a sample of doppelgédnger stars that we know lack plan-
ets is difficult. This would require extensive monitoring of targets with Doppler
planet search surveys to ensure that there are no RV signals indicative of planets.
Carrying out such observations for an entire reference set of stars would be time
and resource intensive. However, certain planet populations can be ruled out with
minimal telescope time; close-in giant planets are more easily detected in RV and
transit data without long cadence compared to smaller planets on longer orbits. In
addition, close-in giants are intrinsically rare. RV surveys produce hot Jupiter (P <
10 days) occurrence rates of ~0.8—1.2% around solar-like stars (e.g., Mayor et al.
2011; Wright et al. 2012; Wittenmyer et al. 2020), and transit surveys yield even
smaller occurrence rates of ~0.4—0.6% (Howard et al., 2012; Fressin et al., 2013;
Petigura et al., 2018; Kunimoto and Matthews, 2020). These rates are still small for
warm Jupiters (P < 50 days), with estimates of ~1.3%. They remain small for hot

and warm sub-Saturns (R = 4—8 Rg) as well, which have occurrence rate estimates
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of ~0.4% and ~2.3%, respectively (Howard et al., 2012). Thus, constructing a ref-
erence sample without close-in giant hosts is feasible. We hope to examine close-in
giants in future studies, but this will require another planet host sample as only 18
of our KOIs host confirmed/candidate hot/warm sub-Saturn to Jupiter-sized planets
according to the standard definition (R > 4 Rg and P < 100 days).

Previous studies have found interesting abundance differences between stars that host
and do not host close-in giants. For example, Meléndez et al. (2009) determined that
the Sun exhibits a refractory depletion trend with 7, relative to eleven solar twins
from the Hipparcos catalog, as well as four solar analogs with close-in giant planets.
However, six other solar analogs lacking close-in giants as verified by RV monitoring
show the solar depletion trend 50—70% of the time. One potential explanation for
the solar pattern is sequestration of rocky material in the terrestrial planets, and
late (10—25 Myr) accretion of dust-depleted gas once the solar convective zone
began shrinking to its current mass fraction (~2%, Hughes, Rosner, and Weiss
2007). Another explanation is that all solar twins and most solar analogs lacking
close-in giants engulfed planetary material at late times (>25 Myr), once their
convective zones were thin. This scenario would produce refractory enrichment in
stellar photospheres. However, it assumes that most solar-like stars are depleted in
refractories (at least in the absence of events like planet engulfment), and more recent
abundance studies of larger Sun-like samples show that this is not the case (e.g.,
Bedell, Bean, et al. 2018). Either way, the findings of Meléndez et al. (2009) suggest
that close-in giant planets play a role in altering host star abundances. While their
results defy a clear explanation, a larger sample of close-in giant hosts and reference

stars lacking close-in giants could be leveraged to examine these trends more closely.

The KOI and doppelginger median abundance prediction intrinsic dispersions are
~0.038 dex and ~0.041 dex, respectively. These values can be considered the upper
limit of abundance precision needed to discern planet formation signatures in the
elemental abundance patterns of host stars. Planet formation processes can exceed
these levels in rare cases, such as the reported planet engulfment detection in the
HD 240429-30 system (~0.2 dex, Oh et al. 2018). Planet hosts may also be born
with different abundances compared to stars without planets. The planet-metallicity
correlation indicates that this is true for at least [Fe/H]. Such primordial abundance

deviations must also exceed our intrinsic dispersion levels to be detectable.

Our KOI and doppelginger residual abundance distributions are indistinguishable,

which yields two possibilities: (1) our reference doppelginger set includes too
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many planet hosts, or (2) primordial or post-birth abundance patterns related to
planet formation in our samples are below detectable levels. We can tackle the
first possibility by focusing on more easily detectable planet architectures, namely
close-in giants as discussed earlier. The second possibility could be addressed with
higher-precision abundances from advances in spectral synthesis pipelines and/or
line lists (e.g., Schuler, Flateau, et al. 2011; Liu et al. 2018; Bedell, Meléndez, et al.
2014), or from spectrographs with higher resolving power (e.g., Adibekyan, Sousa,
et al. 2020). Many stars in our KOI and doppelginger samples have abundance
uncertainties that exceed our intrinsic dispersion values. Large uncertainties are the
root cause of the particularly poorly measured Na abundances for the five outlier
stars in our initial sample selected on [X/H]err < 0.1 dex. Upgrades to the ASPCAP
pipeline, such as improved line lists and advances to the spectral synthesis pipeline,

may improve APOGEE abundance precisions in the years to come.
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Figure 6.5: Local linear model-predicted vs. ASPCAP abundances of the doppel-
ginger (left), doppelginger A (middle), and KOI (right) samples for the twelve
elements considered. The points are colored by logg. The rms difference between
the ASPCAP and predicted abundances, intrinsic dispersions, and bias measure-
ments are provided in the upper left corners of each panel. A dashed 1-to-1 line is
plotted in all panels for comparison.
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Figure 6.6: Intrinsic dispersion measurements oinrinsic for all 7, ordered abundances,
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(light blue). There are no apparent trends with 7., but the KOI [Na/H] prediction
intrinsic dispersion is noticeably larger than those of the doppelginger samples.
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Figure 6.7: Spectra of the five KOIs that appear to be outliers in predicted and
ASPCAP [Na/H] space (red), zoomed into the region with Na spectral features
used to derive [Na/H] abundances with the ASPCAP pipeline (window center at
16378.276 A, Feeney, Wandelt, and Ness 2021, marked by the dashed line). The
spectra of the corresponding outlier doppelgéingers are shown in black.
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KOI (right) samples for [Na/H]. The points are colored by log g. The rms difference
between the ASPCAP and predicted abundances, intrinsic dispersion, and bias
measurements are provided in the upper left corners of each panel. A dashed 1-to-1
line is plotted in all panels for comparison.
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Figure 6.9: Linear trend slope distributions for the 7,.-ordered abundances of indi-
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for the predicted and ASPCAP abundances are provided in the right and left panels,
respectively. The slope contributions from our five Na outlier stars are represented
by the transparent regions of the distribution.
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Figure 6.11: Examples of separate linear trends fitted to volatile (blue) and refractory
(red) abundances ordered by 7, for our KOIs and corresponding doppelgédngers. The
boundary between volatile and refractory elements is set to 7, = 1000 K. Linear
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Chapter 7

CONCLUSION

7.1 Summary

This thesis examines the intricate connections between the properties of stars and
those of their hosted planets. The projects therein employ a combination of datasets
from single Keck-HIRES observing programs and large stellar surveys (e.g., Gaia,
APOGEE), as well as Bayesian probabilistic models and stellar evolution codes (i.e.,
MESA).

In Chapter 2, we adapted a machine learning (ML) framework (The Cannon, Ness,
Hogg, et al. 2015) for application to cool (T < 4700 K) stars. ML methods such
as The Cannon are valuable alternatives for characterizing stars outside the realm
of solar because they are not dependent on physical models (e.g., in Behmard,
Petigura, and Howard (2019), the training set abundances were measured with
empirical methods). Instead, The Cannon leverages training sets of stellar spectra to
construct data-driven models that can be applied to stars of the same type. We tested
our implementation with a sample of K and M dwarfs that have well-measured iron
abundances from empirical methods (e.g., analysis of individual spectral features,
Mann, Brewer, et al. 2013; Mann, Deacon, et al. 2014), and achieved iron abundance
precisions of 0.08 dex (Behmard, Petigura, and Howard, 2019). Iron s a proxy for the
amount of protoplanetary disk solids that can contribute to planet cores (Gonzalez,
1997), so well-constrained iron abundances are essential for vetting planet formation
theories. Thus, our adaptation of The Cannon is a valuable tool for examining planet

formation in cool star systems.

Approximately half of planet host stars harbor stellar companions (e.g., Howell et al.
2021) Thus, characterizing planetary systems with companions is essential for fully
understanding planet formation. We addressed this in Chapter 3 by compiling a
sample of companions to TESS planet host stars. We identified these companions
with a Bayesian probabilistic model (Oh et al., 2017) that leverages Gaia astro-
metric data to pinpoint comoving stellar pairs. We then constrained the angle of
alignment between the companion and host star orbits, and uncovered an excess
of misaligned close-in giant planet systems (Behmard, Dai, and Howard, 2022).

This indicates that the dynamical histories of many close-in giants may involve
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axial tilt (“obliquity”) excitation mechanisms via e.g., planet-planet or planet-disk
interactions (Millholland and Batygin, 2019).

In Chapter 4, we led an observing program to obtain Keck-HIRES spectroscopy
for 36 solar-like planet host binary systems, and measured abundances across 15
elements. Binaries are excellent laboratories for probing planet formation because
binary companions share the same molecular birth cloud, and are thus born chem-
ically homogeneous to within 0.03—-0.05 dex (e.g., Bovy 2016; Ness, Rix, et al.
2018). Planet-related processes (e.g., planet engulfment) can alter the birth compo-
sitions of each star in different ways, so binary differential abundances may bear the
fingerprint of planet formation. To complement this work, in Chapter 5 we used the
stellar evolution code MESA to model how long rocky element enhancements follow-
ing planet engulfment will last. We found that stellar interior mixing weakens such
engulfment signatures on short timescales (1 Gyr) in solar-like stars (Behmard,
Sevilla, and Fuller, 2023), which explains the lack of signatures in our binary sample
(Behmard, Dai, Brewer, et al., 2023). We also found a tentative trend of increasing
abundance differences between companions as a function of binary separation. This
new result provides important context for investigations of binary star chemistry for

unveiling the processes underlying planet formation.

In Chapter 6, we extended our abundance methodology to APOGEE DR17, which
provides abundances for >650,000 stars that span the entirety of our galaxy. We
used the APOGEE DR17 sample to quantify the abundance precision needed for dis-
cerning large-scale patterns related to planet formation (<0.04 dex, Behmard, Ness,
et al. 2023)—valuable information for investigating planet formation and evolution

on a galactic scale.

7.2 Future Directions
The results presented in this thesis motivate new and exciting research pathways,

which I discuss below.

New Methods for Constraining Planet Host Star Compositions

Though there have been significant advances in measuring elemental abundances
for planet host stars, stellar models still struggle with stars that deviate from solar.
Cool (<5000 K) stars host molecular species in their atmospheres, which create
complex spectral features that stellar models struggle to reproduce (e.g., Rojas-
Ayala et al., 2010; Mann, Brewer, et al., 2013). Establishing reliable models for

cool stars, e.g., M dwarfs, is of great importance because they are common—M
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dwarfs comprise ~70% of the stars in our galaxy (Bochanski et al., 2010). Cool star
models can be improved with better knowledge of relevant atomic and molecular
transition quantum properties, such as associated opacities. Several groups have
undertaken laboratory studies to measure such opacities, resulting in catalogs such
as the Opacity Project (Seaton et al., 1994), the Laurence Livermore National Labs
OPAL opacity tables (Iglesias and Rogers, 1996), and the Los Alamos National
Labs OPLIB opacity tables (Colgan et al., 2016), to name a few. Further laboratory
studies can constrain more opacities relevant to cool star atmospheres and improve
stellar model line lists (Allard, Scholz, and Wehrse, 1992). This is necessary as
current stellar models are not reliable for stars with temperatures below ~4700 K
(e.g., Brewer and Fischer 2018), that is, mid-K to M-dwarfs.

ML methods such as The Cannon are valuable alternatives because they do not rely
on stellar models. As outlined in Chapter 2, we trained The Cannon on a sample
of cool stars with precise iron abundance measurements (Behmard, Petigura, and
Howard, 2019). Assembling this training set was possible because iron is a relatively
easy element to measure, thanks to numerous strong iron absorption lines in stellar
spectra. In the future, ML methods like The Cannon could be used to construct
automated models for measuring the abundances of elements beyond iron in stars that
deviate from solar. These models would be an ideal tool for measuring the elemental
abundances of large samples of cool (e.g., M dwarf) planet hosts. However, in order
to construct such models, we must first assemble training sets of cool stars with
precisely measured abundances for a wide array of elements. Such training sets
could be sourced from cool star/solar-like stellar binaries that by definition shared
the same birth cloud, and were thus born chemically homogeneous (e.g., Bovy,
2016; Ness, Rix, et al., 2018). It would be straightforward to measure the elemental
abundances of the solar-like binary companions with stellar models, then assign
those same abundances to their cool star companions. This approach of calibrating
cool star compositions with those of solar-like companions is considered the most
reliable empirical method for measuring M dwarf abundances (e.g., Mann, Deacon,
et al., 2014). Cool star/solar-like binaries could be identified with astrometric data
and statistical models that verify gravitationally bound stellar pairs, such as the
companion search model employed in Behmard, Dai, and Howard (2022) (Chapter
3). Alternatively, training sets could be constructed from M dwarfs with widely
separated solar-like companions that share the same cluster/association. This route
is potentially quite valuable because cluster/association member stars tend to have

better characterized properties (e.g., compositions, ages) than field stars (Chandar
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et al., 2016). Stellar ages in particular are valuable for probing planet formation
signatures; our work presented in Chapters 4 and 5 indicate that planet engulfment
signatures will not remain observable for longer than ~1 Gyr in solar-like stars, so
searching for engulfment signatures among young cluster/association members may

yield more engulfment detections.

Large-scale spectroscopic surveys can also be used to create training sets of M dwarfs
with precisely measured abundances for a wide array of elements. For example,
APOGEE provides publicly available abundances for 15 elements (C, N, O, Na, Mg,
Al Si, S, K, Ca, Ti, V, Mn, Fe, and Ni). The APOGEE pipeline utilizes physical
models, making it optimal for solar-like stars. Thus, the abundances of solar-like
binary or cluster/association companions, and by extension those of the training set
M dwarfs, will be very precise. The latest APOGEE data release (DR18) is expected
to include >400,000 more stars than DR17, and a 100 pc volume-limited sample
containing ~300,000 M dwarfs (Kollmeier et al. 2019, M. Ness, priv. comm.). Thus,
DR18 will provide a significantly larger M dwarf/solar-like companion training set
capable of measuring abundances to even higher precisions. Thus, there is a path
forward for constructing ML models that constrain the detailed chemistry of large
cool star samples. This will enable new lines of investigation for exploring planet

formation around cool star hosts.

Connections Between Host Star and Planetary Atmosphere Compositions

Many studies of planetary atmospheres lack constraints on host star chemical com-
positions, and typically assume solar-like abundances across different elements.
However, planet formation can only be investigated when atmospheric abundances
are interpreted relative to accurate host star abundances, which reflect protoplane-
tary disk compositions. For example, sub-stellar and super-stellar atmospheric C/O
can indicate planet formation within and beyond the ice line, respectively (Oberg,
Murray-Clay, and Bergin, 2011, Reggiani et al., 2022). Thus, precisely measured
host star abundances are key for correctly interpreting planetary atmosphere compo-
sitions and illuminating planet formation histories, e.g., initial formation locations
and subsequent migration (e.g., Molliere, Molyarova, et al., 2022, Pacetti et al.,
2022). In the future, it will be particularly important to develop new cool star
models that can easily and quickly measure the abundances of a wide range of
elements; planets orbiting cool stars are among the most favorable types of targets
for atmospheric characterization with JWST. There are already ~15 M dwarfs with

super-Earth to Jupiter-sized planets scheduled for atmospheric observations during
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JWST Cycle 1. It is likely that this sample will continue to grow in the coming

years.

As we enter the era of detailed exoplanet atmosphere characterization, it is now
possible to constrain the abundances of isotopologue species using high resolution
spectroscopy. Isotopologue ratios are sensitive tracers of planet formation conditions
and planetary system evolution. For example, D/H ratios can probe accretion of
D-rich ices from beyond the water ice line and/or atmospheric loss (Drake, 2005;
Feuchtgruber et al., 2013). Carbon isotope ratios also probe planet formation
locations; atmospheric '>C/!*C values lower than those of the protoplanetary disk
indicate formation beyond the CO ice line. In the absence of direct measurements of
host star isotopologue ratios, published studies compared the isotopologue ratios in
planetary atmospheres to average local interstellar medium (ISM) values (Molliere
and Snellen, 2019; Zhang et al., 2021). Current studies that seek to measure isotopic
species in stars require extremely high resolution spectroscopy (e.g., IRTF/AiSHELL
spectrograph, R ~ 80,000, Crossfield et al. 2019), boutique stellar models, and
careful individual measurements of isotopologue rovibrational features. Thus, these
studies are intensely time-consuming and have been carried out for only a handful
of stars (e.g., Gay and Lambert 2000; Crossfield et al. 2019). In the future, it may
be possible to use ML models for stellar isotopologue abundance measurements if
we can curate appropriate training sets. This may require streamlining isotopologue
measurement pipelines for easier-to-model stars, such as those with solar-like types,
then finding bound companions with different stellar types in order to diversify
training sets for application to a wide set of planet host stars. This is a useful potential
route for measuring isotopologue abundances in stars whose spectra exhibit weak
isotopologue features (e.g., hotter stars), or are rich in other atomic and molecular

features that may crowd isotopologue lines (e.g., cool stars such as M dwarfs).

Earth-Like Planet Formation

Automated models for measuring stellar abundances of small, cool stars such as M
dwarfs would be ideal for investigating the formation of small, rocky exoplanets.
M dwarfs are excellent targets for small exoplanet discoveries—in addition to being
common, M dwarfs have small sizes and low masses that result in strong RV and
transit signals, thereby increasing the probability of detecting small planets. It is
also more likely to find a planet in the habitable zone (HZ) of an M dwarf star
compared to that of a solar-like star; M dwarfs are cooler, so their HZs are relatively
close-in. Mann ef al. (2013) estimated that a planet in the HZ of an M dwarf will
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have ~3 times the RV signal, ~4 times the transit depth, and ~2 times the probability
of transiting compared to a HZ planet orbiting a solar-like star. Thus, M dwarfs are

ideal for detecting and characterizing exoplanets that are truly similar to Earth.

M dwarfs are especially attractive targets for the ongoing TESS mission, whose
primary goal is the discovery of small planets orbiting bright, nearby stars (Ricker
et al., 2015). This goal is motivated by our current census of exoplanets, which is
dominated by planets with sizes between those of Earth and Neptune (e.g., Fressin
et al., 2013; Burke et al., 2015). Because small planets are common, there is great
interest in understanding where and how these planets formed. Their interior com-
positions can provide answers, but must be constrained with host star abundances
of refractory (e.g., Fe, Mg, Si) and volatile (e.g., C, O) elements that dictate their
amounts in protoplanetary disks. This initial inventory is needed to break degenera-
cies between different possible planet compositions with equivalent bulk densities
(e.g., Dorn et al., 2015; Bitsch and Battistini, 2020). For example, Agol et al., 2021
determined that the seven Earth-like TRAPPIST-1 planets have lower densities than
those of the solar system terrestrial planets, which points to lighter interiors (e.g.,
lower iron content), or volatile (e.g., water) enrichment. The latter case would be
a signpost of planet formation beyond the ice line. However, we cannot distin-
guish between these scenarios without knowledge of TRAPPIST-1’s abundances for

elements other than iron, which have never been measured for this star.

An automated M dwarf model would enable measurement of detailed elemental
abundances for M dwarf hosts like TRAPPIST-1, creating new pathways for investi-
gating Earth-like planet formation with host star chemistry. TESS has detected 135
Earth-like (1-2 Rg) planet candidates and 39 Earth-like confirmed planets around
M dwarfs so far, which provides a large sample for this purpose. Follow-up RV
observations for TESS M dwarf hosts of Earth-like planets will constrain planet
masses, and focusing on M dwarfs with the most anomalous abundances (e.g., atyp-
ical C/O, Fe/Mg, etc.) would make it possible to probe edge cases of Earth-like
planet formation. Coupled with publicly available TESS planet radii measurements,
planet masses will provide planet bulk densities that probe Earth-like planet interior

compositions.
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