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Abstract

A major bottleneck for transiting exoplanet demographics has been the lack of precise
properties for most of the observed stars, as the transit method measures exoplanet radii
relative to their host’s radii. We live in a golden era of host star characterization because
of access to Gaia photometry, parallaxes, and proper motions, large-scale spectroscopic
surveys, and ground-based photometric and spectroscopic follow-up. I have used all of this
data to sharpen our view of exoplanet demographics. First, I constrained the stellar radii
of Kepler targets using Gaia DR2, which allowed the first comprehensive classification of
main sequence, subgiant, and giant stars in Kepler target sample; I also identified 4000
low-mass main sequence binary systems. With these precise stellar radii, I was the first
to use Gaia to revise planet radii and incident fluxes and corroborate the existence of the
planet radius gap. I discovered planets within the hot sub-Neptunian desert (2.2-3.8R
> 650F ), presented an updated census of habitable zone planets, and identified a hot
Jupiter inflation trend for Kepler planets. T also performed isochrone modeling for the
entire Kepler target sample and produced the Gaia-Kepler Stellar Properties Catalog, the
first homogeneous catalog to include stellar ages, in addition to precise radii, masses, and
mean stellar densities for Kepler target stars. Using these homogeneously derived properties,
I found the first observational evidence of a stellar age dependence of the planet radius
gap, where sub-Neptunes (1.8-3.5R ) become super-Earths (1.0-1.8 R ) on roughly Gyr
timescales. This result built upon my previous work, where I measured lithium abundances
to separate old and young Kepler stars (using the Hyades’s empirical A(Li)-Te isochrone

at 650 Myr) and discovered that the young planets were statistically larger than the old
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planets. In addition, I investigated the stellar mass dependence of the planet radius valley
and provided stringent constraints that will be required to discern between the theories
of core-powered mass-loss and photoevaporation. I also confirmed the existence of planets
within the hot sub-Neptunian desert, discovered that most desert planets entered recently
because of their host’s evolution, investigated Jupiters at low incident fluxes with radii
larger than the theoretical maximum, and demonstrated that planets in single and multiple

transiting systems share the same age distribution.
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Chapter 1

Introduction

While humans have observed the stars for millennia, the birth of modern observational
astronomy came with Galileo Galilei's publishing of the rst telescopic astronomical
observations of the Moon, stars, and the moons of Jupiter (Galilei 1610). In a time when
geocentric theories dominated public and scienti ¢ belief, Galileo's subsequent observations
of Venusian phases supported the opposing heliocentric theory, which would forever change
how astronomers viewed the universe and our place in it. Future observations and Newton's
law of universal gravity (Newton 1687) continually con rmed and solidi ed the heliocentric
theory. For centuries, heliocentrism has shaped our view of our own solar system. The ve
innermost planets excluding Earth { Mercury, Venus, Mars, Jupiter, and Saturn { had been
discovered by the time Galileo began his observations. Improving technology and careful
observations over the next few centuries led to the discoveries of Uranus in 1781, Neptune
in 1846, and Pluto (eventually demoted to a dwarf-planet) in 1930.

For most of written history, the ve closest solar system planets were the only planets
known to exist in the universe, while the outer planets Uranus and Neptune were only
recently discovered. However, in 1992 the rst extra-solar planets (exoplanets) were
conrmed orbiting a neutron star through pulsar timing variations (Wolszczan & Fralil
1992), and in 1995 the rst exoplanet orbiting a main sequence star was con rmed (Mayor
& Queloz 1995). The discoveries of these planetary systems answered the long-standing

guestions of astronomers; in particular whether exoplanets existed and whether or not they
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were detectable. Moreover, the ability to detect these planets suggested that it would

eventually be possible to determine how common they are, especially those similar to Earth
in measurable properties such as planet size, mass, and orbital period. The habitability of
these planets could be determined from their observed properties and the properties of the
host star. Perhaps most interestingly, the characterization of exoplanetary systems provides

a lens into planet formation and evolution both elsewhere and in the solar system.

1.1 Exoplanet Detection

1.1.1 The Radial Velocity Method

The eld of exoplanets exploded beginning in the early 2000s with the discovery of hundreds
of planetary systems through the radial velocity method. Astronomers employed ground-
based telescopes to survey stars for periodic re ex motions indicative of the gravitational
in uence of a companion. If the measured magnitude of this re ex motion was small enough
based on the inferred mass of the star, the existence of a planetary companion, rather than
a stellar companion, could be inferred. This re ex motion is described by the radial velocity

semi-amplitude (Lovis & Fischer 2010),

284329 ms?! mysini mp+ m
_ 3 2 1 2 P (1.1)

K
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where e is the eccentricity of the planet's orbit, m; and m, are the masses of the star and
planet in solar masses, respectively is the inclination of the planet's orbit relative to our
line of sight, wherei = 90 degrees means the planet orbits the center of the stellar disk,
and P is the period of the orbit in years. Given that we observeK 1, we can therefore infer
the planet's mass from radial velocity observations.

51 Pegasi b was detected using this method (Mayor & Queloz 1995), in addition to the
dozens of planets per year discovered in the early-to-mid 2000s. Now with an increasing
number of planets discovered orbiting a larger variety of stars, astronomers started to

observe trends of exoplanet properties with stellar properties. After identifying a sample
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Figure 1.1 The occurrence of planets with radial velocity semi-amplitudek ; > 30 m/s and
orbital periods P < 4 years as a function of host star metallicity, which appears as Figure
5 in Fischer & Valenti (2005).

of 840 stars with su cient radial velocity observations to detect large planets with orbital
periods less than four years, Fischer & Valenti (2005) corroborated the correlation between
the existence of these planets and the metallicity of the host star (Figure 1.1) found originally

by Gonzalez (1997).

This correlation was aptly named the Planet-Metallicity Correlation, and it suggested
that larger planets with orbital periods less than four years occurred more frequently around

higher metallicity stars. Occurrence here is de ned as the fraction of stars with planets,

f = lowe, (1.2)

n-

where ngyp is the number of stars hosting at least one planet anch- is the number of stars

in the sample around which a planet could have been detected. This value was computed
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for each bin of metallicity in Figure 1.1, where both the numerator and denominator include

only stars within that particular range of metallicities.

The discovery of the Planet-Metallicity Correlation lent signi cant weight to the the
core-accretion theory of planet formation (Hayashi et al. 1977; Bodenheimer & Pollack
1986; Lissauer 1993; Pollack et al. 1996). The core-accretion theory asserts that planets
form through successive collisions of smaller objects called planetesimals until they are
large enough to accrete atmospheres from the gas present in the disk. Higher metallicity
disks may result in quicker planetesimal accretion and larger subsequent atmospheres before
the gas in the disk evaporates from stellar irradiation. Therefore, the larger occurrence of
planets orbiting metal-rich stars was interpreted as evidence for those planets forming by

core-accretion.

In addition, the presence of the Planet-Metallicity Correlation emphasizes the impact
of host star properties on planet formation and evolution. Therefore, it is important to
consider host stars and their planets not as separate entities, but as planetary systems,
and any information gleaned from individual objects in the system is likely pertinent to

understanding the system as a whole.

1.1.2 The Transit Method

Unlike the radial velocity method, the transit method can be used to determine the radii of
planets, as the reduction of the ux of the star is directly proportional to the fraction of the
stellar surface blocked by the disk of the planet during transit. One of the main quantities

measured in transit observations is the transit depth,
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where Rp and R» are the radii of the planet and the star, respectively. This equation
only holds for an evenly illuminated disk, but stars are not evenly illuminated due to limb

darkening. Therefore, the planet's radius can be determined precisely if the radius of the
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Figure 1.2 Observable guantities of the transit method, which appears as Figure 1 in Seager
& Malen-Ornelas (2003).



star and the transit depth are known precisely as well. The orbital period, P, is time it

takes for the planet to orbit its star, determined from two successive transit observations.

Figure 1.2, from Seager & Malen-Ornelas (2003), shows the observable quantities of
a single transit. It is possible to measure the duration,tr, from a single transit event or
multiple transit events, as well as the duration from the time of ingress (corresponding
to label 2) and egress (corresponding to label 3), illustrated agg in the diagram. The
di erence betweenty and tg constrains the shape of the transit and, by assuming a circular
orbit, the semi-major axis, a, and inclination, i. The impact parameter, b, is de ned as
R% cosi. Figure 1.2 also assumes that the stellar disk is evenly illuminated, which does not
hold in practice due to stellar limb darkening (Claret & Bloemen 2011). The \at" part
of the transit in the gure is also sloped in observed light curves, and reaches a maximum
depth at the time of conjunction, or mid-transit. An example of a phase-folded transit light

curve is shown in Figure 1.3.

Given the dependence of transit light curve observables on both the stellar and planetary
guantities, these observables can be used to check parameters determined through various
independent analyses. Kepler's Third Law, assuming a circular orbit, relates the orbital

period to the semi-major axis,
4 2a3

p2— .
G(M2>+ Mp)’

(1.4)

where the bottom term simplies to M- in most instances given that planet massesMy,

are typically orders of magnitude smaller than stellar masses.

Seager & Malen-Ornelas (2003) solved for a few important quantities given the

observables in Figure 1.2, includingRp,

Rp R?p F; (1.5)
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Figure 1.3 Phase-folded light curve ofKepler-706 b modeled using theexoplanet package
(Foreman-Mackey et al. 2021). In black are the detrended measured uxes relative to the
out-of-transit uxes in parts per thousand, in green are the binned averages of the data,
and in orange is the best-t model.

which follows trivially from Equation 1.3 assuming one knowsR», and -,

o
M, 472 1+ P F)2 [l sin’(tr =P )] . (1.6)
’ RI~ PG sin?(ty =P ) ' ‘

Equation 1.6 illustrates that by having an independent determination of a host's mass and
radius, we can subsequently constrain the transit properties themselves. This comparison
works both ways, and can be used to validate low signal-to-noise ratio (SNR) transit
signatures in noisy data (Sliski & Kipping 2014) or determine which star in a close binary

system hosts the planet. Orbital eccentricities (and other transit parameters) can also be
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constrained using independently computed mean stellar densities (Van Eylen & Albrecht
2015; Petigura 2020). Conversely, high SNR transit light curves can be used to determine
mean stellar densities. Ultimately, transit light curves provide a unique set of observables,
but independent determinations of stellar properties are often needed to fully constrain the

physical properties of planets and their host stars.

1.2 Constraining the Fundamental Properties of Stars

1.2.1 Parallaxes and Stellar Radii

Parallaxes work by combining two measurements of a foreground object taken from two
di erent positions separated by a baseline,b. Relative to background objects, this object
appears to move an angle . Combining these measurements, the distance to the foreground
object is determined using the following expression, assuming no measurement uncertainties
(Bailer-Jones 2015),

b b

T 2tan=2 (1.7)

where d is the distance to the object in the same units ash. This expression has been
simpli ed to the small-angle limit on the right, where tan . Therefore, with a baseline
of the Earth's orbit around the sun, b , and precise measurements of, it is possible to
determine the distances of many stars within our Galaxy.

The Stefan-Boltzmann Law relates a star's radius,R», and e ective temperature, Te ,
to its luminosity, Lo,

L.=4R% gTg; (1.8)

where g is the Stefan-Boltzmann constant. The resulting expression, when solved for the

stellar radius, is s
L-

Ro=  ———
? 4 gTZ

(1.9)

In addition, the luminosity is a function of a few other parameters, L» = 4 d 2Fp,, where

d is the distance the star is from Earth and Fy, is the bolometric ux observed at Earth.

8



Plugging this expression into the equation immediately above produces

S
R?:

Foold?
s T

(1.10)

the radius of the star as a function of constants and commonly constrained stellar quantities.
Typically, T are determined through colorT relations (e.g., Casagrande et al. 2007) or
through the comparison of observed spectra and model spectra (e.g., Torres et al. 2012). In

Chapter 3, | will utilize Equation 1.10 to determine the stellar radii of Kepler target stars.

1.2.2 Isochrone Fitting

Stellar models are computed from a set of input physics, from choices of the solar abundance
scale, equations of state, opacities, stellar atmospheric boundary conditions, convection
prescriptions, diusion, rotation, nuclear reaction rates, and more. All of these stellar

models solve the same equations of stellar structure, including the equation of hydrostatic

equilibrium,

?TT = Grlz; (1.11)
where P(r) is the total pressure (matter and radiation) at radius r, m(r) is the cumulative
mass inside a shell of radiug and (r) is the matter density at radius r. While stars do
lose some mass to their stellar winds, this mass loss is usually negligible and hydrostatic
equilibrium is valid for the vast majority of a star's lifetime. In addition, the star requires

mass continuity from its center to its surface,

dm

d—r:4r2: (1.12)

The mass will increase with radius according to this equation. Next, energy leaving various

spherical shells in the stellar interior is described by the energy equation,

da_ ., _
=420 (1.13)
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where I(r) is the luminosity as a function of radius, which is constant outside of the core
where no additional energy is produced, (r) is the energy generation rate per unit mass
in a spherical shell of thickness d at a distance r from the center of the star, and is
the luminosity produced in the form of neutrinos per unit mass. Neutrinos escape without
interacting with ordinary matter, so their energy is assumed to be lost completely. Next,
energy is transported throughout the stellar interior in one of two ways, the rst of which

is radiative energy transport,

dT 31

— = 1.14

dr 64r 2 BT3 ( )
where is the opacity of the matter, T(r) is the temperature at radius r, and g is the
Stefan-Boltzmann constant. This equation is relevant for the interiors of lower-mass main
sequence stars or the envelopes of higher-mass main sequence stars. The second equation

of energy transport relevant for main sequence stars is that of convective energy transport,

T _ , 1 TdP

where is the adiabatic index or the ratio of specic heats in the gas. This equation is
relevant for the entire interior for the least massive stars, the envelopes of sun-like stars,

and the interiors of massive stars.

While these equations describe physical processes that happen in stellar interiors, it is
not possible to directly observe stellar interiors. Instead, stellar atmospheres are observed,
which allow the determination of e ective temperatures, surface gravities, and chemical
abundances through stellar atmosphere models, which are connected to the interior models
through surface boundary conditions. Typical stellar atmosphere models are plane-parallel
or spherically symmetric, assume local thermodynamic equilibrium (LTE), and apply to
a wide variety of stars across various evolutionary states, such as the ATLAS9 (Kurucz
1993) and the MARCS (Gustafsson et al. 2008) model atmospheres. Sometimes, non-LTE
(NLTE) corrections are required when dealing with emitters of high temperature and low

density, such as blue supergiant stars (Berger et al. 2018).
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In general, these model atmospheres solve the (1-D) equation of radiative transfer,

di

— = I+ 1.16

s (1.16)
where s is the path length through a specic material, | is the speci c intensity, which

depends on the location of the emitting element in space, direction, and frequency of
emission, is the absorption coe cient, and is the emission coe cient. Ultimately,

this di erential equation describes the ow of radiation through matter.

One use of model atmospheres is their ability to predict synthetic photometry of
commonly used scienti ¢ lters for stars throughout the HR diagram. Given a particular
photometric bandpass and a synthetic stellar spectrum, which represents a star of particular
Te , logg, and metallicity, it is straightforward to determine the integrated ux in that
bandpass at a given distance. If a star is at a distance of 10 pc, this computation will

produce an estimate for the absolute magnitude of the star in the selected bandpass.

Telescope observations, however, produce an apparent magnituda in Iter X,

Fa:x
I:ref;X

myx = 2:5log;g (1.17)

whereF,.x is the uxreceived by a starin lter X and Fs.x is the reference ux depending
on the magnitude system of that particular Iter (i.e. Vega or AB). Once the star's distance

is known, it is possible to determine its absolute magnitude in lter X,

M X = 5 5 Ioglo(d) + My (118)

whered is the distance to the star in parsecs. To determine a star's luminosity, a bolometric
correction must be applied, where the Sun's luminosity is used as a reference to convert
the measured absolute magnitude to a luminosity. d can be approximated asd = 1=!,
where! is the parallax in arcseconds. In practice, Bailer-Jones (2015) demonstrates that

it is best to compute distances using Bayes's Theorem with a simple prior that decreases
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asymptotically to zero at in nite distances. Otherwise, inferring a distance by naively
inverting a parallax with uncertainties will result in a biased distance estimate. With
My and other observed properties, it is now possible to compare these observables to the
synthetic Mx and the corresponding interior models which will provide information about
the fundamental stellar parameters of the observed star. In general, observational data such
as photometry, spectroscopy, and parallaxes provide strong constraints on stellar masses,
radii, e ective temperatures, and related quantities. However, these same observables do

not constrain stellar ages as e ectively (Soderblom 2010).

1.2.3 Asteroseismology

Kepler light curves sparked a renaissance in asteroseismology, the study of stellar
oscillations. Huber et al. (2010) took Fourier transforms of the rst four months of Kepler
data for 800 giant stars to infer nax, the frequency of maximum power, and , the large
frequency spacing. These values are closely related to the stellar mass and radius of the

star, and can be described by the following scaling relations,

o e 2 To ops V2
R? — max;0obs oDps e ,0Dbs : (119)
max; Te )
where R» is in units of solar radii, and
o 3 e Y Te ane 32
M? — max;obs oDns e ,0bs . (120)

1
max; Te )

where M- is in units of solar masses. Many similar studies followed, from testing the
scaling relations themselves (Huber et al. 2011) to using the scaling relations to constrain
the parameters of Kepler planet candidate host stars (Huber et al. 2013).

Through detailed modeling of individual pulsation frequencies, ages can be computed for
stars with asteroseismology (Silva Aguirre et al. 2015; Creevey et al. 2017). Unfortunately,
such modeling requires very high SNR observations, and as of this time only dozens of

Kepler host stars have such constraints. Asteroseismology can also be combined with other
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observational data, such as spectra and photometry, to determine the ages of stars through

isochrone placement (Serenelli et al. 2017).

1.2.4 Other Age Diagnostics

Unlike Te , logg, and metallicity, stellar ages of eld main sequence dwarfs are di cult

to determine to any precision for the wide range of ages and spectral types seen in eld
stars (Soderblom 2010). Fortunately, data containing various age indicators already exists
for a substantial fraction of Kepler host stars. For instance, Johnson et al. (2017) already
provides isochrone ages, calibrated by stellar clusters, for roughly half of th&epler host
stars. The strongest isochrone age constraints occur for higher-mass main sequence and
subgiant stars that have spectroscopic metallicities (Howes et al. 2019), as will be described
in Chapter 4 of this Dissertation.

In addition, Kepler light curves also enabled the determination of rotation periods
for thousands of stars. McQuillan et al. (2014) used these light curves to determine
the rotation periods of over 34,000 stars. Rotation period measurements are useful
because they have been found to correlate with stellar activity and age (Skumanich 1972).
Comparisons of rotation periods across clusters as a function of photometric colors/e ective
temperatures/masses demonstrate that stars spin down as they age (Curtis et al. 2019),
although the rotation periods of stars with asteroseismic ages suggest weakened magnetic
braking at older ages (van Saders et al. 2016).

Kinematic ages can be derived fromGaia astrometry, parallaxes, radial velocities, and
thin/thick disk age separations akin to those in Feltzing & Bensby (2008). The main
constraint on a star's kinematic age is its total space motion relative to other stars within our
Galaxy's disk. The total space motion represents the integrated gravitational interactions
over that star's lifetime, so older stars have had more time to be gravitationally disturbed
through interactions with other stars, increasing their vertical velocity/action (Angus et al.
2020). While kinematic ages are not particularly precise and must be used for ensembles

of stars through a measurement of their velocity dispersion within the Galaxy, Gaia does
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provide precise astrometry enabling the determination of the vertical action for mostKepler
hosts.

The presence of UV-excess ux also serves as an indicator of stellar youth, as stars are
born magnetically active and, depending on the stellar mass, become less active more or
less slowly as they age (Skumanich 1972; Soderblom 2010). Olmedo et al. (2015) provides
UV magnitudes for Kepler stars, allowing rough estimates of stellar age as a function of
stellar mass.

Stellar spectra also provide age indicators, such as A(Li) and the yttrium-magnesium
clock ([Y/Mq]) (Tucci Maia et al. 2016). The absorption features of interest for these age
indicators include Mg | lines (at 4541.1, 4730.0, 5711.1, 6318.7, and 63192, Y Il lines (at
4854.8, 5200.4, and 5402.R), and the Li | doublet (at 6707.8 A). Both A(Li) and [Y/Mg]

will be described in greater detail in Chapters 2 and 6 of this Dissertation, respectively.

1.3 The Gaia Mission

The European Space Agency's (ESA) Hipparcos Mission (Perryman & ESA 1997) was the
rst space-based mission to perform precision photometry of> 10° stars within our Galaxy.
It did so by spinning slowly and observing two elds at once, separated by a basic angle of
58 degrees. Observing only a single eld enables relative parallaxes of stars within that eld,
whereas observing two elds simultaneously allows a determination of the absolute parallax
of each star within the elds of view. Thanks to its precise astrometry, Hipparcos improved
our understanding of stellar and galactic structure and dynamics (Perryman 2009).

The ESA's Gaia Mission, with its exquisite precision and ability to determine astrometry
to > 10° stars within the Milky Way Galaxy, is currently transforming our understanding
of stellar and galactic astrophysics. TheGaia satellite uses the same basic principles as
the Hipparcos satellite. It spins slowly while observing two elds at once, separated by
106.5 degrees, which enables a determination of absolute parallaxes (Lindegren & Bastian

2010). Gaia employs a number of instruments, including an astrometric, photometric,
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and spectroscopic instrument with a basic angle monitor and precise pointing control
and reconstruction (Gaia Collaboration et al. 2016). Following the non-trivial and

complex processing performed by the Data Processing and Analysis Consortium (DPAC)
of observational data from the satellite, DPAC produces a combination of positions, proper
motions, parallaxes, photometry (G, BP, and RP), and spectroscopy for every star,

dependent upon its apparent magnitude andGaia's scanning pattern.

The extreme precision of Gaia's astrometry will produce end-of-mission parallax
precisions of< 10 as for stars with G < 12 and< 1000 as for stars with G 20 and an
approximately linear relation in between. In April 2018, Gaia DR2 provided parallaxes to
> 10° stars precise to tens of as (Gaia Collaboration et al. 2018). This nally enabled a
large-scale re-analysis of theKepler target sample and a comparison of stellar properties
with the latest Kepler Stellar Properties Catalog (Mathur et al. 2017). | will detail this

work in Chapters 3 and 4.

1.4 The Kepler Mission

Before the launch of NASA's Kepler Mission in 2009, only a few hundred planets had been
discovered, most of which were detected through the radial velocity method. However,
Kepler revolutionized our knowledge of exoplanetary systems by detecting 4000 planets
(Borucki et al. 2010a; Thompson et al. 2018) orbiting 3000 stars. This veritable treasure
trove of planets made population-level explorations of planet properties possible, as the
eld moved rapidly from the discovery of exoplanets to their characterization. Kepler used
the transit method to detect its exoplanets by staring at a single patch of sky for months
at a time. The Prime Mission observed the eld shown in Figure 1.4 for roughly four
years, searching for periodic dips in the light curves of the 200,000 stars it targeted during
that time (Batalha et al. 2010). The high-precision, long-baseline light curves produced

by Kepler proved to be revolutionary for more than just exoplanet science, as stellar
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Figure 1.4 TheKepler eld is located in the constellation of Cygnus, just above the Galactic
plane. Credit: NASA.

astrophysics also began to benet from the precise, largely uninterruptedKepler light
curves.

While Kepler advanced the understanding of stellar and exoplanet astrophysics through
its precise, four year light curves of 200,000 stars, most of its estimates of planet properties
were bottlenecked by primarily photometric constraints on stellar masses and stellar radii
from the Kepler Input Catalog (Brown et al. 2011). When used together, the transit
light curves from Kepler and subsequent radial velocity follow-up together can con rm the
detection of exoplanets and provide strong constraints on their radii and masses. However,
as is demonstrated in Equations 1.1 and 1.5, both rely on precise estimates of stellar
parameters, which must be determined independently.

Before Gaia Data Release 2 (DR2, Gaia Collaboration et al. 2018), the vast majority
of Kepler stars had strictly photometric constraints from the Kepler Input Catalog (KIC,
Brown et al. 2011). While logg and hence stellar radii were constrained with the logy-

sensitive lter D51, it was not as useful as determining logg and stellar radii from
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spectroscopy, photometry + parallaxes, or asteroseismology. Asteroseismology enabled
precise constraints on stellar masses and radii through the scaling relations (Equations 1.19
and 1.20) for a few thousandKepler stars with detected oscillations (Huber et al. 2014),
and spectroscopy constrained the properties 010,000 stars (Mathur et al. 2017) with
ground-based follow-up observations. However, the other 180,000k epler stars had strictly
photometric constraints from the KIC. Any of these stars hosting planetary companions
subsequently had uncertain planetary radii. This led to median fractional stellar radius
uncertainties for the previous Kepler Stellar Properties Catalogs of 25{40% (Huber et al.
2014; Mathur et al. 2017), which translated to even larger uncertainties on exoplanet radii
given the functional dependence oR, on R-» and the transit depth (Equation 1.5).

The California-Kepler Survey (CKS), introduced in Petigura et al. (2017), demonstrated
the value of precise stellar properties for determining precise exoplanet radii. In particular,
Fulton et al. (2017) con rmed the existence of a gap in the distribution of small planet radii
with the precise stellar properties from the CKS, whereas previous studies using smaller
samples and less precise stellar radii were either unable to do so (Howard et al. 2012; Fressin

et al. 2013a) or found weaker statistical evidence for the gap (Owen & Wu 2013).

1.4.1 The Planet Radius-Period Distribution

One of the major discoveries ofKepler was the large number of planets between the sizes
of Earth and Neptune, planets that have no analog within our own solar system. In fact,
Howard et al. (2012) determined that these super-Earth/sub-Neptune-sized planets were
the most common planets in our Galaxy that we could detect at the time. Subsequent
studies also found a \plateau" in the occurrence of sub-Neptune-sized planets (Fressin et al.
2013Db; Petigura et al. 2013). While many of these planets' transit properties were tightly
constrained, their stellar hosts' properties were signi cantly more uncertain.

In early 2018, the planet radius-period distribution for the entire Kepler exoplanet
sample looked similar to Figure 1.5. Figure 1.5 takes the stellar radii from Mathur

et al. (2017), which were precise to 25%, and the Ry=R- light curve-derived values from
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Figure 1.5 Planet radius versus orbital period forKepler planets as of DR25 (Mathur et al.
2017; Thompson et al. 2018), where red dots represent con rmed/validated planets and the
black dots are planet candidates.

Thompson et al. (2018) to compute planet radii. At this time, the uncertainties in the stellar
radii dwarfed the uncertainties in Rp=R>, limiting the inferences that could be drawn from
the planet population.

Figure 1.5 illustrates that most planets are smaller than 5 R and that super-Earths
( {2 R ) are found at shorter orbital periods than sub-Neptunes ( 2{4 R ). In particular,
there is no clear gap in the distribution of small planet radii, and there are few, if any,
con rmed planets with radii between 2 and 4 R at orbital periods less than 2 days, carving
out the \hot sub-Neptunian desert" (Lundkvist et al. 2016). In addition, the Jupiter-sized
planets exhibit a large scatter, although those at the shortest orbital periods appear to be

in ated (Miller & Fortney 2011; Grunblatt et al. 2017) relative to those at longer orbital
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periods. The locus of planets at orbital periods of 400 days and planet radii smaller
than 4 R appear to carve out the habitable zone, as planets within this region are a
priority of the Kepler Mission (Borucki et al. 2010b). However, not much more could
be determined from the planet population given the uncertainties on the stellar radii. The
California-Kepler Survey (CKS, Petigura et al. 2017; Johnson et al. 2017) circumvented this
bottleneck through its precise spectroscopic characterization of 1300 stars hosting 2000
planets and found a clear gap in the radius distribution of sub-Neptune-sized exoplanets

(Fulton et al. 2017), for which there was initial evidence before (Owen & Wu 2013).

Following this exciting discovery, a number of theories were proposed to explain the
paucity of planets with radii around 1.8 R . One of these theories, photoevaporation
(Lopez et al. 2012; Owen & Wu 2013, 2017), proposed that extreme ultraviolet (EUV/XUV)
irradiation strips the low mean molecular weight envelopes of exoplanets, where planets with
small or large envelopes are immune to signi cant atmosphere loss. This EUV radiation is
expected to strip planet atmospheres when stars are young and most active, on timescales

of 100 Myr.

A competing theory, core-powered mass-loss, instead suggested that a combination of
the bolometric incident radiation from the host star and the planets latent heat in its core
remaining from its formation can result in signi cant atmosphere loss (Ginzburg et al. 2016,
2018; Gupta & Schlichting 2019, 2020). Given core-powered mass-loss's lack of dependence
on EUV radiation from the host star, it was expected to strip planet atmospheres on
longer timescales of a Gyr. However, recent work has shown that photoevaporation
can also describe changes in the exoplanet population on Gyr timescales (Rogers & Owen
2021). Future work will need to leverage planet radii, stellar masses, and incident uxes to

di erentiate between these two theories (Rogers et al. 2021).

The planet radius gap is just one physical phenomenon in the planet radius-orbital
period diagram that can be studied to infer the dominant mechanisms of planet formation
and evolution. Precise stellar properties will also enable an investigation of the origins of

the hot sub-Neptunian desert (Lundkvist et al. 2016), hot Jupiters (Guillot & Showman
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2002; Fortney & Nettelmann 2010; Fortney et al. 2011; Bara e et al. 2010, 2014; Laughlin
& Lissauer 2015; Laughlin 2018; Komacek et al. 2020), warm, in ated Jupiters (Jackson
et al. 2008; Fortney et al. 2010), habitable zone planets (Kane et al. 2016; Bryson et al.
2020), single versus multi-planet systems (Weiss et al. 2018), and more.

Ultimately, Gaia parallaxes, in combination with the wealth of photometry,
spectroscopy, and other data available for theKepler eld, provide a straightforward, widely-
applicable, and homogeneous data set to improve the physical parameters of the entire
Kepler target sample, whether it be through direct determinations of stellar radii (Chapter
3) or isochrone-modeling to determine additional fundamental stellar parameters (Chapters
4 and 5). Together, the stellar masses, radii, and ages determined in this Dissertation will
enable a comprehensive investigation oKepler exoplanet properties and the phenomena

present in the planet radius-orbital period diagram.

1.5 Dissertation Overview

This Dissertation aims to answer the following questions:

1. What are the current limitations on our ability to discern the true planet population

from the observed distribution?

2. What can the planet radius-period distribution teach us about the dominant

mechanisms behind planet formation and evolution?

3. How do the properties of stars, namely their masses, ages, and luminosities, a ect the

planets that form orbiting those stars?

Given the data now available from both Kepler and Gaia, | will determine the physical
properties of Kepler stars and their exoplanets and begin to answer these questions.
Speci cally, in Chapter 2, | use spectroscopic Li abundances (A(Li)) to separate old and
young Kepler stars using the Hyades isochrone (650 Myr) in A(Li)- Te -space (Boesgaard

et al. 2016) and then compare old and young exoplanets. In Chapter 3, | compute revised
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stellar and exoplanet radii by directly leveraging Gaia DR2 parallaxes and Mathur et al.
(2017) Te for Kepler target stars. | also compute homogeneous MESA Isochrones and
Stellar Tracks (MIST, Choi et al. 2016) ages of all Kepler host stars given Gaia DR2
parallaxes and multi-bandpass photometry in Chapter 4. In Chapter 5, | use the ages
derived in Chapter 4 to separate the old (age> 1Gyr) and young (age< 1Gyr) planets and
compare their radius distributions. In Chapter 6, | detail my investigations of the [Y/Mg]
clock. Finally, in Chapter 7, | summarize the major ndings of this Dissertation and look

forward to future work that will build upon the observations and parameters derived here.
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Chapter 2
Using Lithium Abundances to Separate and

Compare OIld and Young Kepler Planets

2.1 Preamble

This chapter contains the gures and text of my paper, which was originally published in
The Astrophysical Journal, entitled Identifying Young Kepler Planet Host Stars Using Keck-
HIRES Spectra of Lithium with co-authors Andrew W. Howard and Ann M. Boesgaard. The
article can be found at DOI: 10.3847/1538-4357/aab154.

Abstract

The lithium doublet at 6708 A provides an age diagnostic for main sequence FGK dwarfs.
We measured the abundance of lithium in 1305 stars with detected transiting planets from
the Kepler Mission using high-resolution spectroscopy. Our catalog of lithium measurements
from this sample have a range of abundance from A(Li) = 3.11 0.07 to an upper limit of
0.84 dex. For a magnitude-limited sample that comprises 960 of the 1305 stars, our Keck-
HIRES spectra have a median S/N = 45 per pixel at 6700A with spectral resolution —
= R = 55,000. We identify 80 young stars that have A(Li) values greater than the Hyades
at their respective e ective temperatures; these stars are younger than 650 Myr old, the

approximate age of the Hyades. We then compare the distribution of A(Li) with planet
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size, multiplicity, orbital period, and insolation ux. We nd larger planets preferentially

in younger systems, with an A-D two-sided test p-value = 0.002, a> 3 con dence that
the older and younger planet samples do not come from the same parent distribution.
This is consistent with planet in ation/photoevaporation at early ages. The other planet
parameters (Kepler planet multiplicity, orbital period, and insolation ux) are uncorrelated

with age.

2.2 Introduction

NASA's Kepler Mission was designed to detect transiting planets and to measure the
fraction of Sun-like stars with Earth-sized planets in the habitable zone. During the four
year mission, Kepler discovered more than 4000 exoplanet candidates, of which 2327 have
been con rmed (Coughlin et al. 2016). Twenty-one of these con rmed exoplanets are 1{
2 Earth size and orbit in the traditionally de ned habitable zone. Analysis of Kepler
data demonstrated that 50% of Sun-like stars harbor a planet between the size of Earth
and Neptune with orbital periods less than 85 days (Fressin et al. 2013). Complementary
Doppler surveys of nearby stars showed that 8.5% of giant planets with periods shorter
than a few years orbit similar type stars (Cumming et al. 2008). Studies by Howard et al.
(2010), Mayor et al. (2011), and Howard et al. (2012) have shown that giant planets are less
plentiful than their smaller counterparts. In addition, Kepler analysis uncovered a diverse
set of exoplanetary systems, some of which have peculiar properties and architectures.
Noteworthy systems include the two habitable zone planets orbitingKepler-62 (Borucki

et al. 2013), the Earth-size planet with an 8.5 hour period orbiting Kepler -78 (Sanchis-Ojeda
et al. 2013), and the Kepler-47 circumbinary system (Orosz et al. 2012). In each of these
cases, measuring the stellar properties (e.g., radii, masses, and e ective temperatures) is
critical to determine the planet properties. For instance, all transit-derived planet radii scale

directly with the stellar radius. Among the stellar properties, age is frequently unknown

%Based on observations obtained at the W.M.Keck Observatory, which is operated jointly by the
University of California and the California Institute of Technology. Keck time has been granted by the
University of Hawaii, the University of California, and Caltech.
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or poorly determined. Age is important because dynamic processes including mass loss,

contraction, rein ation, and migration sculpt the planet population that we observe today.

Accurately determining stellar ages is dicult. The precise age of 4.567 Gyr for
the sun is based on isotopic measurements of meteorites (Chaussidon 2007), a method
that is unavailable for other stars. Soderblom (2010) provides a comprehensive review
of the techniques to determine approximate stellar ages, including (1) kinematics, (2)
isochrone placement through measured temperature, metallicity, and luminosity, (3)
asteroseismology, (4) rotation rate, (5) magnetic activity, (6) lithium abundance, and (7)

nucleocosmochronometry.

Some of these methods are based on only a few assumptions, but are observationally
demanding. For example, nucleocosmochronometry requires high-resolution, high-signal-
to-noise spectra and kinematic techniques need large groups of stars. Isochrone placement
using precise temperatures, metallicity, and luminosity (together with their uncertainties)
and asteroseismology are model-dependent methods that rely on detailed stellar physics.
Sometimes, even with high quality observational data, astronomers cannot determine an
isochrone age for stars using either method, due to poor interpolation between models and
unresolved degeneracies in the Hertzprung-Russell Diagram. Empirical methods involving
stellar rotation and magnetic activity are limited by calibration, measurement precision,

and intrinsic astrophysical variability.

Surface lithium abundance provides another age diagnostic. Herbig (1965) was one
of the rst to consider Li as an age diagnostic for F and G stars. As Li is destroyed in
the stellar interior at temperatures of 2:5 10° K primarily by ( p, ) reactions, surface
Li abundance declines with time. The rate of decline is not uniform because transport
mechanisms including convection and gravitational settling depend on e ective temperature
(Xiong & Deng 2009). Lithium abundance can be measured by using the resonance doublet
at 6708 A of Li | in stars. Measuring Li is observationally convenient because our high-
resolution optical spectra used to determine bulk parameters Te , logg, [Fe/H]) include

the Li feature. Additionally, Li ages have been calibrated with measurements of several
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clusters. Unfortunately, precise ages are dicult to establish from sole analysis of the Li

feature, but its presence is a discriminator of youth at least.

Others, such as lIsraelian et al. (2009), Baumann et al. (2010), Sousa et al. (2010),
Ramrez et al. (2012), Delgado Mena et al. (2014, 2015), Figueira et al. (2014), and Gonzalez
(2014, 2015), have compared stellar Li abundance for exoplanet hosts versus single stars.
Israelian et al. (2009) studied a uniform sample of 451 stars in the HARPS high precision
radial velocity survey, with stars spanning T = 4900{6500 K. The authors found low Li
abundance (A(Li) 12 + log(Li=H)) for stars in a narrow temperature range (Te = 5700{
5850 K) compared to stars without exoplanet companions, while excluding metallicity, age,
vsini, and activity as possible causes for this anomaly. They hypothesized mechanisms
to account for this trend: stars with planets might experience a) a di erent evolution, b)
planets might infall and cause stellar mixing, and c) there may be interaction during the
pre-main sequence (PMS) phase which can force high di erential rotation and therefore

enhanced Li depletion within planet-host stars.

However, some more recent work (Baumann et al. 2010; Ramrez et al. 2012)
contradicted the results of Israelian et al. (2009), while others (Sousa et al. 2010; Delgado
Mena et al. 2014, 2015; Figueira et al. 2014; Gonzalez 2014, 2015) found supporting evidence
for enhanced host star Li depletion. Baumann et al. (2010) studied a sample of 117 solar-
type stars, 14 of which were planet-hosts. These stars exhibited normal A(Li) for their ages.

In addition, the authors showed that 82 stars originally reported in the literature to support
enhanced Li depletion in fact had normal A(Li) for their ages. Baumann et al. (2010) provide
a few reasons for the disagreement between their results and Israelian et al. (2009): (1) the
HARPS sample of solar analogs at [Fe/H]' 0.0 are on average older than non-planet-host
stars, (2) metal-rich solar analogs are more lithium-poor than solar metallicity stars, and

(3) the sample includes a number of peculiarly high Li abundances.

Ramrez et al. (2012), like Baumann et al. (2010), found that any connection between Li
abundance and planet occurrence is likely a product of sample bias in stellar mass, age, and

metallicity. Ramrez et al. (2012) studied a sample of 1381 dwarf and subgiant stars, 165 of
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which were planet-hosts. The large sample size allowed them to analyze trends in A(Li) with
the presence of exoplanets, but the planet hosts and non-hosts were taken from di erent
sources, and therefore could su er from inhomogeneities. Their data suggest there is some
planet-star interaction (not necessarily planet formation-related) that prevents planet-host
stars from experiencing the sudden drop in A(Li) responsible for the Li desert, a region in
A(Li)- Te space where stars should appear empirically, but do not. Ultimately, Ramrez
et al. (2012) rejected the presence of enhanced Li depletion in planet-hosts proposed by

Israelian et al. (2009) after claiming to properly account for all possible sources of bias.

Unlike Baumann et al. (2010) and Ramrez et al. (2012), a number of other studies
continued to nd enhanced Li depletion in host stars (Sousa et al. 2010; Delgado Mena
et al. 2014, 2015; Figueira et al. 2014; Gonzalez 2014, 2015). Sousa et al. (2010) investigated
potential e ects of age and mass on Li depletion and found that di erences in ages and stellar
mass could not explain the Li de cit in planet host stars. Gonzalez (2014, 2015) introduced
new high resolution spectra of late-F and early-G stars, determined A(Li), and then added
homogeneous literature data, nding that Li is de cient in giant planet hosts compared to

comparison stars.

Delgado Mena et al. (2014) focused again on solar-type stars, nding that solar twins
with hot jupiters show enhanced Li depletion compared to those without planets. In contrast
to Ramrez et al. (2012), Delgado Mena et al. (2014) utilized a homogeneous sample, entirely
from HARPS and including both stars with planets and those without, to minimize potential
confounding e ects in A(Li). Figueira et al. (2014) used multivariable regression to test
these confounding e ects on previously published A(Li), and found that, when one assumes
linearity in the fundamental stellar parameters, an o set in A(Li) between hosts and non-
hosts is recovered. This o set is strongly statistically signi cant, but it is reduced to zero

if host stars are replaced with comparison stars.

Finally, Delgado Mena et al. (2015) found a similar trend of Li depletion in late-F stars
(Te = 5900{6300 K), although the di erences in A(Li) between hosts and stars with no

detected planets are smaller in magnitude than for solar-type stars. However, the authors
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found that hot jupiter hosts had a higher average vsini than the comparison stars, so
the enhanced Li depletion could be explained by rotationally-induced mixing and not the
presence of planets. Given the studies following Ramrez et al. (2012) and the care taken
to minimize contamination in the HARPS sample, the observational evidence for decreased

Li in giant planet hosts is convincing.

No study has yet used A(Li) to di erentiate between a large sample of young and old
exoplanetary systems. Therefore, we present the rst large scale (VW 1000) study of Li in
Kepler planet host stars that separates the population into young and old age groups. This
allows us to investigate planetary evolution and the dynamic processes (migration, mass
loss, contraction, rein ation, etc.) that sculpt the observed planet population. Moreover,
this analysis adds another impactful dimension to the current parameter space of exoplanets

heavily characterized by mass, radius, and e ective temperature.

In Section 2, we discuss the California-Kepler Survey sample. Section 3 details our
pipeline to determine A(Li) and each of the important tasks performed therein, including
normalization, Doppler shifting, measurement of the equivalent width of Li, and the A(LI)
computation. Section 4 analyzes the full catalog and searches for any trends in exoplanetary
parameters with age. In Section 5, we discuss our results and provide an astrophysical

interpretation of our ndings.

2.3 Stellar Sample

One key follow-up survey ofKepler -discovered exoplanets is the California Kepler Survey
(CKS) (Petigura et al. 2017), which was proposed to measure precise stellar parameters
(Te , logg, [Fe/H], vsini) by using local thermodynamic equilibrium (LTE) modeling of
Keck-HIRES spectra of 1000Kepler FGK stars. Most of these stars are main sequence
G and K dwarfs, but there are a few F stars. Figure 2.1 shows the distribution of our
sample in Te , logg, and [Fe/H] histograms in plots (a), (b), and (c), respectively. The

apparent magnitudes of the stars go down to 17th magnitude. Most spectra have signal-
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Figure 2.1 Stellar sample. @): Histogram showing T, for the 1305 CKS stars. {):
Histogram of logg for the CKS sample. (€): [Fe/H]. ( d): Distribution of Kepler magnitudes.
The majority of the stars have KepMag . 14.23 mag.
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to-noise ratios (S=N) of 45 per pixel, or 90 per resolution element at 67004, with a
resolution R = 55,000 and wavelength coverage from 3642{7998. S=N range from 5 to

200. We note that the primary CKS sample is magnitude-limited to a Kepler magnitude
(KepMag) . 14.23 mag, with additional fainter stars from interesting groups,i.e: habitable
zone candidates and multi-planet systems. See Figure 2.1 plot (d) for the distribution of
Kepler magnitudes.

The spectra were reduced by removing cosmic rays, at-elding, bias subtraction,
trimming, and column collapsing into a 1-D spectrum. We adopt the spectroscopic
parameters (Te , logg, [Fe/H], vsini) from Petigura et al. (2017), computed from
SpecMatch (Petigura 2015) and Spectroscopy Made Easy (Valenti & Piskunov 2012). The

spectral format of HIRES was kept xed with 1{2 pixel accuracy for all spectra.

2.4 Lithium Abundance Measurements

We begin with the reduced HIRES spectra from Petigura et al. (2017) as detailed in
the previous paragraph. To e ciently determine Li abundances for all stars within the
CKS sample, we created an automated Li pipeline, which we detail below. The pipeline's
spectrum analysis tasks include continuum normalization, Doppler correction, measurement
of the Li equivalent width (EW), interpolation of a model atmosphere, determination of

A(Li), and calculation of uncertainties ( ai )-

2.4.1 Continuum Normalization and Doppler Correction

First, we utilized PyRAF's continuum routine to remove the blaze function present in
every spectrum. We applied this technique with the following options: a 50-piece cubic
spline t, a low rejection criterion of 2.0 , a high rejection criterion of 3.0 , and 50 outlier
rejection iterations. The output (normalized) spectrum is the input spectrum divided by
the continuum- t spline function. Outlier rejection allows continuum to ignore any biasing

e ects from peaks (remaining cosmic rays) and troughs (absorption lines).
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Next, we applied a Doppler correction to shift the spectrum into its rest frame.
We determined the Doppler correction velocity by cross-correlating the rest-wavelength,
National Solar Observatory (NSO) solar spectrum with the object spectrum. The NSO
spectrum is an extremely high resolution and highS=N solar spectrum collected with the
Brault National Solar Observatory Fourier Transform Spectrometer (Wallace et al. 2011).
Many of the same absorption lines appear in the solar and HIRES spectra due to the similar
Te of the Sun and our sample's stars. Therefore, we employed cross-correlation through
PyRAF's xcsao routine. This routine succeeded for all stars in our sample. Figure 2.2
displays the nal product of these two routines. The example spectrum exhibits a strong
Li feature, unlike the solar spectrum, but both include signi cant Fe lines. The di erence
in depth of the Fe lines results from a combination of temperature, metallicity, rotational
velocity, and spectral resolution e ects. Cooler, higher metallicity stars such as the Sun
display stronger Fe | lines when compared to hotter, lower metallicity stars such as KOI

274, even at similarv sini and spectral resolution.

In Figure 2.3, we illustrate the structure of spectra of multiple stars around the 6708A
Li feature for stars with a range of T . These particular stars were chosen because of their
similar A(Li), [Fe/H], and small vsini. As a function of T , stellar lithium features vary
signi cantly in strength. Note how the Fe lines become slightly stronger asT, decreases
from top to bottom, while the Li feature becomes much stronger asT, decreases. This
illustrates the strong relationship between the Li EW and T . In the hotter stars, more Li

is ionized, so the Li | feature weakens.

2.4.2 Determining the Li EW

Next, we measured the Li EW in the normalized and shifted spectra. The National Institute
for Standards and Technology (NIST) has the Li | resonance doublet listed with one
transition at 6707.76 and the other at 6707.91A. We also had to account for the Fe | line

that occurs at 6707.44A. Because of the wide variety of spectra at di erent T, , [Fe/H],
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Figure 2.2 Post-continuum normalization and wavlength calibration spectrum. In red is a
HIRES spectrum of KOI 274 (Te = 6081 K, logg = 4.09, and [Fe/H] = {0.03), which
has been continuum-normalized and wavelength-calibrated. The blue spectrum is the
rest-wavelength solar spectrum from the National Solar Observatory's Solar Flux Atlas.
Signi cant solar lines are labeled accordingly, including the Li doublet feature indicated by
the red dashed vertical line.
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Figure 2.3 Te dependence of the Li doublet. Representative spectra at di erentTe
values are plotted here alternating between red and blue lines, all of which have been
continuum normalized, wavelength calibrated, and smoothed using a three-point boxcar.
These particular spectra were chosen because they have the following ranges in parameter
space: 2.12 A(Li) 2.28,-0.04 [Fe/H] 0.16, andvsini < 6 km/s. We chose these
ranges to illustrate how the Fe I lines and Li doublet change with temperature for stars of
similar S=N, [Fe/H], A(Li), and small vsini.
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and v sini, it was di cult to nd an automated EW measurement routine that was e ective

for all spectra in our sample.

After testing multiple automated tting routines/packages, we concluded that
Levenberg-Marquardt FIT (LMFIT) (Newville et al. 2014) works well for our purposes;
namely, LMFIT can simultaneously t the Fe line and both Li lines while also providing
bounds on each of the t parameters, unlike other oversimpli ed methods such as numerical
integration or singular Gaussian ts. LMFIT is a non-linear least-square minimization
and curve tting package for Python, which allows users to specify their own composite
functions, bounds on parameters, and more. We used a four component composite model.
This four component model consisted of a constant = 1 continuum level, one Gaussian for
the Fe | line at 6707.44A, one Gaussian for the Li | line at 6707.76A, and one Gaussian

for the Li | line at 6707.91 A.

In our model, we did not allow the continuum level to vary; we operated under the
assumption our continuum normalization requires no adjustment near the Li feature. This
assumption is su cient because the vast majority of CKS stars havevsini < 15 km/s, in
addition to all having T > 4500 K. Therefore, we do not expect signi cant blending of
lines due to the stars' smallv sini, nor signi cant spectral veiling from the molecular/metal
absorption lines of M-dwarfs near the Li doublet. For each of the Gaussians, we implemented
similar bounds on the three tting parameters. We limited their amplitudes to [{1.0, 0.0]
to prevent any positive noise ts. We limited the Gaussian widths ( ) to [0.05, 0.10] to
prevent any unphysical, noise-dominated ts. Also, we bounded the set of Gaussian centers
to the Fe | line center at 6707.44A with physically required separations of 0.32 and 0.47A
for the Li | 6707.76 and 6707.91A lines, respectively, while allowing the group as a whole
to shift  0.06 A. This gives LMFIT the exibility to shift to t noisy line pro les but not
by more than a resolution element ( 0.12 A). Unlike other routines, LMFIT su ciently
ts Li absorption features with varying peaks and widths due to the wide range of stellar

properties (Te , logg, vsini, etc.) within the 1305 spectra.
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Figure 2.4 Equivalent width determination for KOI 171 with S=N = 42. The red curve
represents the HIRES spectrum which has been continuum normalized, Doppler-shifted,
and smoothed by a three-point boxcar. The blue curve is the best t from LMFIT's least-
squares minimization process with our composite model. The blue- lled area denotes the
integrated EW of the Li | doublet; the calculated EW is shown. Additionally, we indicate
the locations of the Li and Fe lines.
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Next, we computed the Li EW. See Figure 2.4 for an illustration of this method. The
trough of the Fe line is not centered with respect to the Fe label. This is because the t was
improved by shifting slightly to the right. We emphasize that the calculated EWs do not
include contributions from the Fe I line, as illustrated by the blue- lled area in Figure 2.4.
In weak to moderate Li features like those in Figure 2.4, the feature has a slight asymmetry,
caused by a di erence in intensity between the smaller wavelength (greater intensity) and
larger wavelength (lesser intensity) lines. This can be seen easily with very high resolution
and su ciently high S=N spectra as discussed in Reddy et al. (2002). In our t, a slight

asymmetry is present in the skewed Gaussian from the sum of the blended Li lines.

We de ned the uncertainty in our EW measurement, gw, as the quadratic sum of
the S=N-per-pixel-dependent Equation (7) ( y.) in Cayrel (1988), and the average of
the dierence of measured EWs when modifying the continuum level eres where
S=Nes is the signal-to-noise per resolution element (Bertran de Lis et al. 2015). Due
to the limitations of our abundance-determination software, we report and ag our EW
measurements according to the following criteria (all reported uncertainties are gw): if
the measured EW> _ + gw, We ag the point as a Li detection and report the measured
EW; if y < EW < y_ + gw, we report the measured EW but ag the point as an
upper limit; if the measured EW < ., we report EW = . and ag the point as an

upper limit. See Table 2.1 for the entire sample's reported EWSs.

In Figure 2.5, we plot the measured EW of all CKS stars as a function ofT, . The
upper limits (grey downward arrows) are stars with measured Li EW< y_ + gw. From
this plot, we can identify young stars: those with large EWs at low T, . Any Kepler planet
host stars with EWs located far above the \slipper" are particularly young. At higher Tg ,
the slipper is less well-de ned largely because we do not have as many of these larger stars,
and those that we do have are close to the Li \dip" observed in the Hyades as discussed in

Boesgaard et al. (2016).
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Figure 2.5 Li EW as a function of e ective temperature for all CKS stars. The red points
represent stars with Li detections, while the grey downward arrows are Li EW upper limits
(EW < yL + gw). Typical error bars are supplied in the upper right corner of the plot

for reference.
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Figure 2.6 Empirical A(Li) versus T curve for the Hyades. The red points are Hyades
data from Boesgaard et al. (2016), where the downward arrows signify upper limits. The
blue curve is the approximate t to this data. The dashed portions of the curve represent
regions either where we extrapolated Te < 5100 K) or where we have only upper limits
(Te 6650 K).

2.4.3 Model Atmosphere Interpolation

We utilized Model Atmosphere in Radiative and Convective Scheme (MARCS) (Gustafsson
et al. 2008) model atmospheres to convert EW to A(Li). Unlike Kurucz model grids,
MARCS grids include the microturbulence parameter () in addition to T, , logg, and
[Fe/H]. In particular, we chose MARCS plane-parallel grids because our sample is primarily
composed of main sequence dwarfs. We adopted the microturbulent description of Equations
(1) and (2) in Takeda et al. (2013). We then interpolated from the discrete MARCS grids

to the model atmospheres representing the adopted CKS stellar parameters.
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Figure 2.7 A(Li) as a function of T for 1025 high S=N (> 30) Kepler planet host stars
(in red). Downward arrows represent upper limits, while circles are spectra withEW; >

uL + ew. The orange horizontal bars show the binned median abundances for each of
the temperature bins that are 184 K wide and include the upper limits. The orange curve
is a cubic spline interpolation between the binned median abundances. The blue curve
represents an approximate t of the Hyades from Boesgaard et al. (2016); the dashed blue
line at Te 6600 K illustrates the Li \dip" where only upper limits have been measured,
while the dashed blue line atTe < 5100 K is our adopted extrapolation. The dashed/dotted
black lines are from Xiong & Deng (2009) and represent theoretical model isochrones for
Li depletion in MS stars. The solid grey polygon at T, 6000 K and A(Li) 1.8 is the
Li desert illustrated in Ramrez et al. (2012). We plot the meteoric A(Li) = 3.28 0.05
(Lodders et al. 2009) and photospheric A(Li) = 1.05 0.10 (Asplund et al. 2009) as the
green dotted line and circle, respectively. The red error bars show the sample's median
errors in A(Li) and Te . Because A(Li) depends sensitively orTe , we stress that the errors
are correlated.
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Figure 2.8 A(Li) as a function of T, for 1381 main sequence dwarfs and subgiant stars
from Ramrez et al. (2012). We provide this plot as a comparison to the CKS sample.
Additionally, we have condensed the natural axes in bothT, and A(Li) to match Figure
2.7. As a result, there are 20 data points outside the range of the chosen axes. Downward
arrows represent upper limits, while circles are spectra with measured Li EWs. The orange
horizontal bars show the binned median abundances for each of the temperature bins that
are 184 K wide as for our sample in Figure 2.7. The orange tis a cubic spline interpolation
between the binned median abundances. The blue curve represents an approximate t of
the Hyades from Boesgaard et al. (2016); the dashed blue line illustrates the Li \dip" atTe

= 6600 K where only upper limits have been measured, while the dashed blue line ake

< 5100 K is our adopted extrapolation. The dashed/dotted black lines are from Xiong &
Deng (2009) and represent theoretical model isochrones for Li depletion in MS stars. The
solid grey polygon at T, 6000 K and A(Li) 1.8 is the Li desert illustrated in Ramrez
et al. (2012). The red error bars show the sample's median errors in A(Li) andle .
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2.4.4 Computing the Lithium Abundance

We determined A(Li) using MOOG (Sneden et al. 2012). This code performs a variety of
LTE analysis and spectrum synthesis tasks. We used itdblends routine, which computes
A(Li). Blends ts abundances of species by using a given model atmosphere to match
blended-line EWs. We utilized “Li hyper ne splitting transition wavelengths (Sansonetti
et al. 1995) and gf values (Yan & Drake 1995) from Table (3), adapted from Andersen
et al. (1984), in Smith et al. (1998) as our line list. We did not include the nearby Fe |
line within our line list because we only computed the Li feature's EW using LMFIT. We
then applied blends to determine A(Li) using this line list, in addition to the Li EW and
interpolated model atmosphere from&3.2 and §3.3, respectively.

We calculated the uncertainty, () , using a similar method to Ramrez et al. (2012).
First, we varied each of the MOOG input parameters individually (Te , logg, [Fe/H], and
EW)\;) according to their internal CKS 1 errors and then recalculated A(Li). This resulted
in two Li abundances, one corresponding to the stellar model after a 1 increase in the
varied stellar parameter, A(Li)+, and the other corresponding to the stellar model after
a 1 decrease in the varied stellar parameter, A(Li) . Next, we calculated the largest
deviation of the upper and lower bound A(Li) values from the A(Li) corresponding to the
adopted parameter. We repeated this process for the rest of the MOOG input parameters,
and then added the largest deviations of each input parameter in quadrature to determine

A(Li) -

As Bertran de Lis et al. (2015) discussed in their Appendix, adding separate errors
in quadrature is insu cient because of the nonlinear transformation between stellar
parameters/equivalent widths and abundances. Therefore, our reported A(Li) errors are
guantitatively incorrect. However, because we use the largest deviations from A(Li) as
our adopted individual uncertainties and then add them in quadrature, we posit that we
overestimate the true abundance errors on one side due to the asymmetric distribution of
abundances. To appropriately determine each ¢ , we would need to perform a Markov

Chain Monte Carlo (MCMC) error analysis, which would require an extreme amount of
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computing time (MOOG would need to be run > 1000 times per star) for the 1305 stars in
our sample. In reality, the errors in the individual A(Li) are not particularly important for
the results of this paper. Consequently, we conservatively estimate oy in the symmetric

manner described above.

To ensure the accuracy and precision of MOOG'dlendsroutine, we compared our EW-
A(Li) results to spectral synthesis A(Li) using the same stellar parameters and the Li-blend

EW for a subset of 18 stars. We found the measurements to be consistent within 4%.

2.5 Lithium Abundances

In Figure 2.6, we plot the empirical A(Li) versus T, curve for the Hyades based on data
from Boesgaard et al. (2016). We ignored all upper limits while constructing this curve.
To construct the Hyades curve, we performed manual linear interpolation of A(Li) as a
function of T, , dictated by the location of individual Hyades stars in this plot. The dashed
portions of the curve indicate two separate extrapolations: a) atTe < 5100 K, following
the smooth curve of the interpolation at higher T and attening to the upper limits of
the CKS sample towardsTe, = 4500 K, and b) at Te 6650 K, where only upper limits
exist, hence the vertical dropo . At Te > 6800 K, the curve is in uenced heavily by a few

data points outside the range of this plot.

The blue Hyades curve is important when viewing Figure 2.7, as it provides an empirical
relationship between A(Li), Te , and age, much like the theoretical isochrones (black, dashed
and dotted curves) from Xiong & Deng (2009) do. In Figure 2.7, the red circles and
downward arrows represent detected and upper limit A(Li) values, respectively, for all 1025
CKS Kepler planet host stars that have S=N > 30 spectra. We emphasize that theT,

and A(Li) errors are correlated, so when we changd, , A(Li) will be a ected as well.

Table 2.1 contains our entire catalog of A(Li) measurements, including each observation

code, KOI number, S=N, adopted T, , adopted logg, adopted [Fe/H], the calculated , the
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measured EW and its uncertainty, and the computed ,¢; . The entire table, in machine-

readable format, can be found in the online version of this journal.

2.5.1 Identi cation of Young Stars

Unfortunately, deriving precise ages from measurements ofEW i and subsequent
computation of A(Li) is quite di cult due to the inability of current models (Xiong & Deng
2009) to t observed abundances. In Figure 2.7, the distribution of Kepler planet host
stars resembles that of the Hyades much better than these Li depletion model isochrones.
The orange bars represent the binned median A(Li) for stars withTe spanning the width
of the bar. The orange curve is a cubic spline interpolation of the orange median A(Li)
bars and serves as a statistical representation of the median A(Li) stars at each e ective
temperature. These stars may represent an empirical isochrone, much like the Hyades
do. This curve appears similar in shape to the Hyades curve, while it intersects multiple
theoretical model isochrones from Xiong & Deng (2009). Because the theoretical models
are unable to match both the Hyades and the distribution of Kepler planet host stars, the
ages indicated by each of the black curves prove unreliable. Although numerical ages are
di cult to determine, we can use A(Li) versus T. plots to distinguish between young (i.e.

< 650 Myr) and old systems.

Stars deplete their surface Li over time. However, the rate of depletion varies withlg .
Cooler stars (K type and later) deplete their Li faster because their convective zone depths
are larger than hotter (G-type and earlier) stars. Therefore, we expect to see more stars
with high A(Li) at higher Tg , as demonstrated in Figure 2.7. Naturally, we see a higher
proportion of upper limits at cool temperatures compared to hot temperatures. We expect
younger stars to have higher A(Li) than other stars at their T . With this in mind, we can
pick out the youngest stars as those most signi cantly above the blue Hyades curve and our

orange empirical median curve.
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Figure 2.9 Hertzprung-Russell diagram of logy as a function of Te for all 1305 Kepler
planet host stars. The red error bars show the sample's median errors in loggand T¢ . The
color of the points represents A(Li) on a linear scale as illustrated by the color bar on the

right.

55



Additionally, we can de ne a sample of stars that are younger than the Hyades by
computing:

A(Li) ;Hyades = A(Li) A(Li) Hyades (2.1)

for each star in the sample, where A(Li) is the computed value from the pipeline and
A(Li) nyades is the interpolated value of the Hyades at the star'sTe . Stars that are younger
than the Hyades will have Ay :Hyades > 0. Table 2.2 includes all young CKS stars with
detected Li (no upper limits are included in the table). The subtraction of the empirical

Hyades curve is useful because it removes the o set caused by tie dependence of A(Li).

Figure 2.7 indicates that stars with A(Li) > 1.0 and Te < 5300 K are the youngest
systems due to their unusually high A(Li). For comparison, the Hyades is 650 Myr according
to estimates from Perryman et al. (1998) and Brandt & Huang (2015). Therefore, stars
above the blue Hyades curve should be younger than 650 Myr. In essence, we can determine
the relative ages of systems in Figure 2.7 by subtracting the blue Hyades curve from the
Kepler planet host star data points. These A(Li)-Te plots also allow the qualitative

comparison of average system properties above and below the Hyades.

For a comparison to our CKS sample, we include Figure 2.8, which contains data from
Ramrez et al. (2012). We plot the same structures as those in Figure 2.7. In Ramrez et al.
(2012), the Li desert (outlined as a grey trapezoid in Figures 2.7 and 2.8) was emphasized
as an area without stars. The authors argued that the Li desert is a physical phenomenon
caused by short-lived processes on the stellar surface that deplete Li for 1.1{1)8 stars.
These processes are not well understood, but the observational evidence is hard to ignore.
However, our sample produces two stars within this desert. If the Li desert is indeed a
physical gap, we conclude that errors in both A(Li) and T¢ can account for this discrepancy.
Moreover, Figure 2.7 (our sample) has a large number of upper limits when compared to
Figure 2.8 (Ramrez et al. 2012). This is due to our low medianS=N 45 compared to the
median S=N ' 100 from Ramrez et al. (2012). Figure 2.7 has more cool stars than Figure

2.8, while Figure 2.8 has more hot stars. This is an important distinction between the two
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samples. Faint stars in the CKS sample were chosen because of higher planet multiplicity
and/or the presence of interesting planets. Because of this, we have a larger fraction of low
Te stars compared to Ramrez et al. (2012). Curiously, only one star appears above the
Hyades at Tg 5900{6300 K in Figure 2.7, while Figure 2.8 has& 10 stars in the same
area. Based on the simple assumption of a uniform distribution of stellar ages, Figure 2.7
should have a few stars above the Hyades at thesE, . This observation puzzles us.

We are also puzzled by the large number of stars within the Li dip in Figure 2.8.
According to the Li depletion mechanisms discussed in Xiong & Deng (2009), the Li dip is
a result of gravitational settling of Li into progressively hotter radiative zones in the stellar
interior, where it is burned in (p, ) reactions. Why so many stars from Ramrez et al.
(2012) reside in the dip perplexes us. We do not see the same within the CKS sample, but
we do not have many stars in that range ofTg .

Table 2.3 displays the full list of the CKS planets with signi cant Li detections that are
younger than the Hyades. However, we do not incorporate stars with upper limits because

their A(Li) are unreliable, nor do we include false positive planet detections in this table.

2.5.2 Stellar Properties and Age

We begin our age investigation by analyzing trends in stellar properties with A(Li). We
again utilize the A(Li) versus T¢ plot much like Figures 2.7 and 2.8, but color the points
according to the stellar property of interest. First, we investigate [Fe/H]. We nd no
signi cant trends in metallicity with age after comparing stars with A(Li) above and below
the Hyades, although a clump of low metallicity points occurs both above and immediately
to the right of the Li desert. We arrive at similar conclusions for logg although there do
appear to be some \young" subgiants/giants aroundT, = 5000 K and A(Li) = 1.0. This
will become important for clean sample selection later. In addition, the stars with the
highest A(Li) at their respective Te have high logg.

Figure 2.9 is a proxy for a Hertzprung-Russell (HR) Diagram with logg versus Te

and points colored by their A(Li). The youngest systems are the brightest (green and
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Figure 2.10 A(Li) as a function of T for 918 Kepler planet host stars. The data in
this gure is similar to Figure 2.7, except all single star planet false positives have been
removed. Downward arrows represent upper limits, while circles are stars witrEW; >

uL + ew. The color of the points represents the number of discovered transiting planets
in each Kepler system as shown by the discrete color bar on the right.

58



Figure 2.11 Same as Figure 2.10, except colors now represent the average planet radius for
each system on a continuous, logarithmic scale as shown by the color bar.
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Figure 2.12 Same axes and labels as Figure 2.11. From the data in Figure 2.11, we removed
all planets with high impact parameters, those orbiting subgiant and giant stars, and those
with low transit signal-to-noise ratios (S=N < 10). Points are colored according to whether
the average radius of the planets orbiting that host star is greater than (green) or less than
(purple) 1.75R . There are 363 green points and 371 purple points.
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yellow colored) points on the main sequence at their respectivde and logg. Most stars

in the sample are main sequence dwarfs, although the sample also includes the horizontal
branch of subgiants and then giants at the top of the \tail" at the lowest T, and logg. In
addition, this plot reveals A(Li)'s temperature dependence, visible in the smooth transition

of colors from hotter to cooler e ective temperatures. We note that a few stars on the lower
envelope of the main sequence in the gure (at the highest log) typically have larger A(Li)
compared to stars at the samel, and slightly lower log g. Current stellar evolution models
predict that, as stars evolve during their main sequence lifetimes, they gradually increase
in luminosity and in ate in size. Therefore, the stars with the highest log g values at their

respective T, are likely some of the youngest stars in our sample.

2.5.3 Finding and Comparing Exoplanet Properties

Just as we investigated stellar parameters versus age in the previous section, we can apply
the same analysis to exoplanet parameters. We use the catalog of exoplanet parameters
provided by Johnson et al. (2017) and the NASA Exoplanet Archive (accessed 7/15/17) to
obtain exoplanet parameters for our systems. We note that many of the NASA Exoplanet
Archive planet parameters derive from the detailed stellar analysis of Huber et al. (2014).
First, we investigate whether planet multiplicity (number of planets discovered per star)
varies with age. In Figure 2.10, single planet systems are colored red, while multi-planet
systems range from blue (2 planets) through bright green (7 planets). We compare points
above and below the Hyades, and we nd no evidence for multiplicity's dependence on
age. Similarly, we investigated whether there are any trends in planet disposition, average
planet period, and average planet insolation ux using more A(Li) versusTe plots, but no
patterns were apparent. Therefore, we conclude that these exoplanetary properties show
no dependence on age.

Finally, we consider the average planet radius in each system. A quick look at Figure
2.11 does not reveal any clear trends between planet radius and location above/below the

Hyades. However, many of the identi ed young systems ing4.1 (those atT < 5500 K and
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above the Hyades curve) are green and yellow-colored. Therefore, they have large average
planet radii. We nd this evidence interesting, as planets are expected to de ate as they
age and their star remains on the main sequence (Lopez et al. 2012). We continue with a

more thorough investigation.

2.5.4 Planet Radius and Age

Before we proceed, we must consider sample biases and eliminate any systems which may
introduce biases in age and planet size. Therefore, we utilize similar cuts to produce a clean
sample as in Fulton et al. (2017). First, we eliminate all false positives identi ed in the
CKS (Petigura et al. 2017) and stars with spectral S=N < 30. Next, we remove all planets
with impact parameter, b, > 0.7 and those orbiting subgiant and giant stars according to
Equation (1) in Fulton et al. (2017). Additionally, we remove all planets with low transit
signal-to-noise ratios §=N < 10). These cuts ensure that the planetary radii are reliable
and that the host stars are main sequence dwarfs (where A(Li) is a reliable indicator of
age). We do not remove planets with long orbital periods and large KepMags because these
cuts further reduce our sample's size, while the likelihood of systematic biases in age and

planetary radii of these systems is small.

To make any obscured trends more apparent in Figure 2.11, we split the sample into
two parts: systems with Rayg > 1:75R  and those with Rayg  1:75R . We choose 1.7R
as our separating radius because it corresponds to the trough of the empirical gap revealed
in Fulton et al. (2017). Figure 2.12 displays our \clean" sample in another A(Li){ Te

comparison plot with the points colored according to their average planet radius.

We observe from Figure 2.12 that the stars younger than the Hyades typically have
planet companions on the large side of the planet radius gap discovered by Fulton et al.
(2017). The prevalence of green points above the Hyades supports the conclusion that
younger planets are larger than older planets. However, because this plot assigns an average

planet radius to each star, we lose information about individual planetary radii. Therefore,
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we must perform additional statistical analysis to test our hypothesis that, on average,

larger planets orbit younger stars.

2.5.5 A Statistical Comparison of Old and Young Systems

To di erentiate between young and old systems, we use the Hyades as the dividing line.
The Hyades is 650 Myr old (Perryman et al. 1998; Brandt & Huang 2015; Boesgaard et al.
2016); systems that fall above (below) it in A(Li) versus T, space (see Figure 2.12) are
younger (older) than the Hyades. This statement holds true for the majority of systems, but
those close to the Hyades curve are more likely to be on the wrong side of the Hyades curve.
Errors in measurement and potential abundance e ects (;e: di erences in initial A(Li))

a ect our young/old system designation in detail. We do not expect the measurement
errors to systematically bias our results. In addition, while abundance e ects may introduce
a systematic bias (.e: Kepler stars have systematically higher initial A(Li) compared to the
Hyades), ensembles of stars have been shown to give consistent initial A(Li) although the
individual scatter may be large (Soderblom 2010). Much like the measurement errors are
unlikely to introduce systematic bias, scatter in the initial A(Li) for our Kepler stars should
not introduce systematic e ects in our reported A(Li). We note that the Hyades's curve
does not extend far enough at lowT, for us to compare systems with stellarT, . 5100 K.
Therefore, we extrapolate the Hyades curve to lowT, to solve this issue. We choose the
observed median curve from the CKS sample as our adopted extrapolation (blue dashed
line at low Te in A(Li){ Te plots) because it appears to follow the A(Li)-Te relationship

of the Hyades at low T, .

Before we begin any detailed statistical tests, we must again eliminate any systems which
may introduce bias. We removed all planets/systems discussed at the beginning &#.4, in
addition to systems with T > 5500 K because our sample of young systems at high&g
is incomplete. However, we do re-include stars with spectraB=N = 10{30 because some

of these systems include signi cant Li detections. We also note that ignoring these stars
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Figure 2.13 Planet radius distributions for planets older (purple) and younger (green) than
the Hyades, while all planets meet the following criteria: host spectralS=N > 10, host
Te < 5500 K, host is on the main sequence, planet is not a false positive, planet impact
parameter b < 0.7, and planet transit S=N > 10. Top. Normalized histograms forR,. We
include Poisson error bars on each of the bins for referenc&ottom : Cumulative fraction of
planets as a function ofRp. We have labeled the K-S statistic, which represents the greatest
distance between the two distributions, as D. The largest di erence occurs aRp ' 2:0R .
The labeled p-value indicates that, at 3 signi cance, we can reject the null hypothesis
that the two samples come from the same parent distribution.
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Figure 2.14 Stellar radius normalized histograms for stars older (purple) and younger (green)
than the Hyades, while all stars meet the following criteria: spectralS=N > 10, T, < 5500
K, star is on the main sequence, hosted planet is not a false positive, hosted planet impact
parameter b < 0.7, and hosted planet transit S=N > 10. We include Poisson error bars on
each of the bins for reference.

signi cantly reduces the size of our available sample. After making these cuts, 257 systems

that host 408 exoplanet candidates remained.

We separated the two groups into old ( s :Hyades 0) @nd young ( a(iy :Hyades > O)
systems. We placed these points intoR, bins and plotted the resulting normalized
histograms (see top plot of Figure 2.13). There are 285 old planets (purple histogram)
and 123 young planets (green histogram). We also performed a two-sided/two-sample K-S
test to determine if the two distributions are from di erent parent populations. We plot

the cumulative fraction of planets in R, and the K-S test result in the bottom panel of
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Figure 2.13. With a p-value of 0.004, we reject the hypothesis that the two samples were
drawn from the same parent distribution at a statistical signi cance of 3 . Therefore,
we conclude that old and young systems represent distinct populations irR, space. The
median value for the young planets isR, =2.13  0.01 R , while the median value for the

old planets isRp =1.61 0.01R .

To ensure we are not being fooled by potential confounding factors (such as transB=N
limitations of small planets around larger stars), we plot the stellar radius distributions
(Petigura et al. 2017) of stars younger (green) and older (purple) than the Hyades in Figure
2.14 as we do planets in Figure 2.13. From Figure 2.14, we observe that the stars younger
than the Hyades are systematically smaller than their older counterparts. This limits the
possibilities for arti cial in ation of younger planets. We note that the stars are primarily
in the range of 0.6{1.0 R . From transit S=N considerations and these stellar radius
distributions, it is likely that we can detect smaller planets around the younger stars if
they were present. Ultimately, we conclude that our young stars are smaller and unlikely

to explain the di erence we see in the old and young planet radii distributions.

As has been demonstrated by Babu & Feigelson (2006), the one sample K-S test and
other empirical distribution functions can be unreliable when using them to determine the
parameters of best- t models. Fortunately, we are using a two sample K-S test to compare
two populations within our data { not using it to determine parameters of those populations.
Despite the utility of the two sample K-S statistic, according to Engmann & Cousineau
(2011), this statistic is inferior to the two sample Anderson-Darling (A-D) statistic. The
A-D test is more pro cient in detecting di erences in shift, scale, and symmetry between
samples from two di erent distributions. Thus, we perform a two sample A-D test on the
same sample used for the two sample K-S test. Our resulting normalized A-D statistic
is 5.98, corresponding to a p-value of 0.002> 3 ). Unsurprisingly, we report a more

signi cant A-D p-value than K-S p-value.

However, these results are not robust: if we remove systems witts=N < 30 from

our sample, our K-S p-value rises to 0.48 and our A-D p-value rises to 0.37, which both
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Figure 2.15 Spearman rank-order correlation coe cient test for R, and  a(j) ;Hyades:- We

have removed all subgiant and giant stars, stars withT, > 5500 K, stars with upper limit

A(Li), stars with  aqj) :Hyades < O (0ld stars), false positive planets, planets withb > 07,

and planets with transit S=N < 10. The red points are the rank-orders of the remaining
Kepler planets in Rp and  a¢j) ;Hyades: While the blue line is the line of best t. The legend

includes the equation for the line of best t, as well asr, the correlation coe cient, and p,

the likelihood that our two parameters are uncorrelated.
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correspond to a statistical signicance of < 1 . This is not su ciently signi cant to

de nitively conclude that exoplanet radii decrease as exoplanets age. Removing these
moderate-S=N (10 < S=N < 30) systems reduces the number of old planets from 285
to 212 and the number of young planets from 123 to 43. We argue that including moderate-
S=N systems is important for the K-S and A-D tests because without them we are left with
a very small sample of younger planets, insu cient for statistical distribution comparisons

with the older planets.

We also perform additional statistical analyses, including Pearson and Spearman rank-
order correlation coe cient tests of the relation between Rp and sy :Hyades- We Use these
tests to analyze 20 exoplanet candidates that remain after removing all of the following
stars and planets: subgiants and giants,Te > 5500 K, upper limit A(Li), stars with

A(Li) :Hyades < O (old stars), stars with spectral S=N < 10, false positive planets, planets
with b > 0:7, and planets with transit S=N < 10. We remove all upper limits in A(Li)
because ages of these systems are inherently uncertain. In addition, we eliminate old
stars and planets because these systems/planets contaminate the theoretically predicted
relationship between planet size and age in younger systems (Lopez et al. 2012). The
Spearman rank-order test is more reliable than the Pearson test because it assumes nothing
about the underlying relationship between planet radius and age, unlike the Pearson test

which assumes a linear relationship.

We plot the results of the Spearman test in Figure 2.15, and we report that the Spearman
test returns a positive correlation between planet radius and A(Li) relative to the Hyades.
The gure has a strong, positive correlation coe cient ( r = 0.6465), and a small p-value f
= 0.0021). We performed a similar analysis using the Pearson correlation coe cient test
for comparison. Unsurprisingly, the Spearman correlation coe cient is stronger than the
Pearson coe cient. Unlike the K-S and A-D test results, these correlation coe cients are
robust and not sensitive to changes in parameter ranges. Although the p-value indicates
a high signi cance of correlation between planet radius and the relative age of these

systems, our small sample size makes it di cult to trust these p-values at their reported
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signi cance. Nevertheless, the combination of the low p-value and the strong, positive
correlation coe cient between planet radius and age support the current models of young

exoplanet evolution.

2.6 Discussion

Our ndings are suggestive that larger planets are more likely to orbit younger stars. Lopez
et al. (2012) discuss a few possible mechanisms, including cooling and atmosphere loss, that
cause planets to contract over time. The authors choose typical timescales of 10 Myr and
100 Myr for cooling and contraction after formation. Notably, the youngest stars in our
sample fall close to the 100 Myr isochrone from Xiong & Deng (2009), which may indicate
that these planets are still in ated from a combination of residual heat from formation
and extreme ultraviolet (XUV) ux received from their host star. Interestingly, the planet
radius gap discussed in Fulton et al. (2017) separates the calculated median planet radius
for older planets (Rp = 1.61 R ) from the calculated median planet radius for younger
planets (R, = 2.13 R ).

Additionally, Lopez et al. (2012) investigate the Kepler-11 system and the possible
formation mechanisms for each of the planetary companions. Figure 2 in this paper provides
an illustration of the degeneracy in producing the radius ofKepler-11b. Its current radius
could be just as easily explained by a 0.3% H/He composition or an 11% H/He composition.
The authors state that most of the mass (and radius) loss happens in the rst Gyr. Our

nding of larger planets orbiting younger stars agree with their models.

Heat from formation and XUV radiation are not the only parameters that impact mass
(and radius) loss. Lopez & Fortney (2013), in looking at the Kepler -36 system, found that
core mass plays a large role in the evolution of the radius of a planet. HoweveKepler
data do not include the masses of most of the CKS planets, so it is dicult for us to
conclude anything about their compositions and whether that has an e ect on the observed

distribution of young systems.
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Moreover, Lopez et al. (2012) considered the hydrodynamic mass loss of close-in, low-
mass, low-density (LMLD) planets from the XUV radiation released by their young MS
stars. Mass loss rates are much larger when planets are young because of (1) planetary
radii are considerably larger due to heat from formation and (2) a star'sFyyy is 500
times higher at 100 Myr than the same star'sFxyy at a few Gyrs (Lopez et al. 2012).
Fortney et al. (2007) provides a plot of R, versus age for a few masses ranging from
0.1{3.0 M, at various orbital radii. Planets closer than 0.045 AU to a solar analog star
are signi cantly a ected by the XUV radiation, while those further away are minimally
impacted. Therefore, we calculated the corresponding insolation ux at 0.045 AU ( 500
F ), and used this criterion to limit our sample of young and old planets. All planets with
Fp > 500F were excluded to determine if, statistically, we could separate residual heat
from formation in ation from XUV heating in ation. However, we found the old and young

planet Ry, distributions were more similar than those with no exclusions based orfp.

Because we ignored evolved stars and the number of Jupiter-size planets included in the
CKS is small, we were unable to test the planet rein ation theories detailed in Grunblatt
et al. (2016). Nevertheless, our results do provide evidence for the shrinking of planets as
they orbit their main sequence stars; interestingly, planet shrinkage during their host's main

sequence lifetime is an initial condition for post-main sequence planet rein ation.

We nd no evidence for a correlation between between age and other planet parameters,
such asKepler planet multiplicity, orbital period, and insolation ux. This is unsurprising
on the large scales we consider in this paper.Kepler planet multiplicity is inherently
uncertain given that our planet detections for any star are, by no means, complete. We
may expect to see less planets around the older stars due to dynamical interactions (and
potential planet ejection) in those systems, but these interactions typically happen very
early in the host's lifetime. We expect the incompleteness of our planet sample to trump
any age e ects. Orbital periods are extremely precise compared to other planet property
determinations, but it is unclear whether there exist any processes to systematically bias

old planets' orbital periods relative to young planets' orbital periods. The variation in
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orbital period from system to system likely dominates over proposed processes such as
planet migration that can lead to di erent old and young planet populations. In addition,
insolation ux is mostly a function of stellar luminosity ( i:e: stellar mass/radius), which,

as Figure 2.14 illustrates, introduces systematic bias between systems older and younger
than the Hyades. Thus, any age e ects on insolation ux are insigni cant compared to the

di erences in initial conditions.

2.7 Summary and Conclusions

In this paper, we have detailed our automated Li pipeline from normalization of the
spectra to the determination of A(Li). With these data, we produced a catalog of A(Li),
which includes the relevant stellar properties and errors. We proceeded to compare stellar
properties (logg and [Fe/H]) with A(Li) through A(Li)- Te plots, and found no trends with
A(Li). Additionally, we compared exoplanet properties using the same A(Li)-Te plots.
We found that most exoplanet properties (Kepler planet disposition, multiplicity, orbital
period, and insolation ux) do not trend with A(Li). Raw A(Li) values are not the best age

di erentiator, as A(Li) varies with T , so we use our interpolated empirical Hyades curve
(Figure 2.6) derived from Boesgaard et al. (2016) to separate systems older and younger
than 650 Myr. Because A(Li) relative to the Hyades is a proxy for the age of FGK main
sequence dwarfs, we conclude that these exoplanet properties show no trends with relative
age. However, we do nd statistical evidence for the shrinking of exoplanet radii with age

based on K-S, Pearson, and Spearman tests.

We conclude that the di erence in the R, distributions of young and old systems suggests
exoplanet radii shrink as they age during their host's main sequence lifetime, a phenomenon
that may result from a combination of photoevaporation of the planets' atmospheres and
cooling (and contraction) from the planets' residual heat from formation. We look forward to

future surveys that link exoplanet properties and age. These studies may reveal paramount
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information about the mechanisms of exoplanet formation and evolution, as well as the

processes behind our own Solar System's origin.
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Chapter 3
Revising the Radii of Kepler Stars and Planets

Using Gaia Data Release 2

3.1 Preamble

This chapter contains the gures and text of my paper, which was originally published in
The Astrophysical Journal, entitled Revised Radii of Kepler Stars and Planets Using Gaia
Data Release 2with co-authors Daniel Huber, Eric Gaidos, and Jennifer L. van Saders. The

article can be found at DOI: 10.3847/1538-4357/aada83.

Abstract

One bottleneck for the exploitation of data from the Kepler mission for stellar astrophysics
and exoplanet research has been the lack of precise radii and evolutionary states for most
of the observed stars. We report revised radii of 177,91Kepler stars derived by combining
parallaxes from Gaia Data Release 2 with the DR25Kepler Stellar Properties Catalog. The
median radius precision is 8%, a typical improvement by a factor of 4-5 over previous
estimates for typical Kepler stars. We ndthat 67% ( 120,000) of allKepler targets are
main-sequence stars, 21% ( 37,000) are subgiants, and 12% ( 21,000) are red giants,
demonstrating that subgiant contamination is less severe than some previous estimates and

that Kepler targets are mostly main-sequence stars. Using the revised stellar radii, we
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recalculate the radii for 2123 con rmed and 1922 candidate exoplanets. We con rm the
presence of a gap in the radius distribution of small, close-in planets, but nd that the
gap is mostly limited to incident uxes > 200F and its location may be at a slightly
larger radius (closerto 2R ) when compared to previous results. Further, we nd several
con rmed exoplanets occupying a previously-described \hot super-Earth desert" at high
irradiance, show the relation between gas-giant planet radius and incident ux, and establish
a bona- de sample of eight con rmed planets and 30 planet candidates withR, < 2R

in circumstellar \habitable zones" (incident uxes between 0.25{1.50F ). The results
presented here demonstrate the potential for transformative characterization of stellar and

exoplanet populations usingGaia data.

3.2 Introduction

Precise estimates of exoplanet properties such as radius, mass, and density inevitably require
precise characterization of the host stars. Precise stellar classi cations are also required to
study the dynamics and evolution of planetary orbits (Kane et al. 2012; Sliski & Kipping

2014; Van Eylen & Albrecht 2015; Shabram et al. 2016) and derive an accurate planet

occurrence (e.g. Howard et al. 2012; Burke et al. 2015).

Traditional methods used to classify the target stars of exoplanet surveys include
broadband colors and proper motions, which e ciently separate dwarfs from giants but
cannot resolve intermediate evolutionary states, with typical uncertainties of 0.3{0.4 dex
in log g (Brown et al. 2011; Huber et al. 2016). High-resolution spectroscopy delivers typical
precisions of 0.15dex in logg (Torres et al. 2012) for solar-type stars, while methods
calibrated to benchmark stars can achieve precisions down to 0.07 dex (Brewer et al.
2015; Petigura 2015). Finally, time-domain variability of stars o ers currently the highest
precision logg values for eld stars, for example by measuring amplitudes or timescales of
stellar granulation ( 0.1dex, Bastien et al. 2013; 0.03dex, Kallinger et al. 2016) or

stellar oscillations ( 0.01dex, Huber et al. 2013).
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Despite this progress, most of these methods are only applicable to a subset of the
large samples of stars that are typically observed in exoplanet transit surveys (190,000 stars
for Kepler, > 200,000 stars forK2, >500,000 stars for the Transiting Exoplanet Survey
Satellite (TESS)). As a result, 70% of the overall Kepler population in the latest version
of the Kepler Stellar Properties Catalog (KSPC DR25, Mathur et al. 2017) still have logg
values determined from photometry. This translates into 30{40% uncertainties in stellar
radii that are severely limiting our understanding of the stellar and planet population probed
by Kepler.

Improved stellar radii of Kepler hosts have recently led to several important results for
our understanding of exoplanets, such as the discovery of a gap in the distribution of small
planets by the California-Kepler Survey (CKS, Fulton et al. 2017; Petigura et al. 2017,
Johnson et al. 2017) and evidence for a dearth of hot super-Earths (Lundkvist et al. 2016).
Both results have been tied to processes such as photoevaporation (Lopez et al. 2012; Owen
& Wu 2017), but are limited subsamples consisting of less than half of planet candidates.

The bottleneck caused by imprecise stellar radii ofKepler stars can now be relieved
thanks to precise parallaxes fromGaia Data Release 2 (DR2) for over one billion stars in
the galaxy (Gaia Collaboration et al. 2018; Lindegren et al. 2018). In this paper we re-derive
radii for 177,911 Kepler stars using Gaia DR2 parallaxes, and investigate the stellar and

exoplanet radius distributions of Kepler targets.

3.3 Methodology

3.3.1 Kepler-Gaia DR2 Cross-matching

First, we cross-matched the positions of all stars from the KSPC DR25 (Mathur et al. 2017)
by utilizing the X-match service of the Centre de Donrees astronomiques de Strasbourg
(CDS). This provided a table of Gaia DR2 source matches within three arcseconds of each
Kepler star. To determine bona- de Kepler-Gaia source matches, we rst removed all

matches with distances greater than 1.5 arcseconds from th&epler-determined position.
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We chose 1.5 arcseconds because the distribution of separations displayed a minimum there,
and the increase of matches at greater angular separations indicates the inclusion of spurious

background sources.

Next, we imposed a variety of magnitude cuts, depending on the available photometry,
to ensure ourKepler-Gaia matches were of similar brightness. Unfortunately, not allKepler
stars had similar quality photometry to compare to the measuredGaia G-band magnitudes,
so we had to utilize AAVSO Photometric All-Sky Survey (APASS) g, r, and/or i photometry
for instances where KSPC stars did not havey-, r-, or i- band photometry from the Kepler
Input Catalog (KIC, Brown et al. 2011). For stars that were still missing any g, r, or i

photometry, we usedKepler magnitudes (Kp) for comparisons with G magnitudes.

To compute our predicted G magnitudes, we utilized the g, r, and i color-color
polynomial ts in Table 7 of Jordi et al. (2010). After inspecting the distribution of Ggaja {
Gpred, We chose to remove all stars with absolute di erences greater than two magnitudes.
For the remaining sample of stars with only Kp magnitudes, we comparedGgaia { Kp and

again removed all stars with absolute di erences greater than two magnitudes.

For stars with multiple matches that satis ed these criteria, we decided to keep those
with the smallest angular separations. Of the 197,104 stars present in the KSPC, we
identied Gaia DR2 source matches for 195,710. Stars with poorly determined parallaxes
( => 0.2), low e ective temperatures based on our adopted values T < 3000K, see
Section 2.2), extremely low logg (< 0.1 dex), and/or non-\AAA"-quality Two Micron All

Sky Survey (2MASS) photometry were rejected from our sample.

Additionally, we made astrometric cuts similar to those described in Appendix C of
Lindegren et al. (2018) and Section 4.1 of Arenou et al. (2018). In particular, we used
Equation (1) (unit weight error compared to a function of the G magnitude of the source
that helps Iter contamination from binaries and calibration problems) and Equation (3)
(greater than eight groups of observations separated by at least 4 days) of Arenou et al.
(2018) to remove stars with bad astrometric solutions. We did not use the astrometric excess

noise values provided byGaia DR2 to lIter stars because they were less discriminating for

85



stars with G < 15 due to the \degree of freedom bug" (see Appendix A and C of Lindegren
et al. 2018). We did not use Equation (2) of Arenou et al. (2018), a cut ensuring that
Gaia has clean photometry of the included sources, because we utilized separate 2MASS
photometry in our analysis. As discussed in Lindegren et al. (2018), our imposed cuts
removed many stars that appear in unphysical areas of radiu§- parameter space, such as
the \subdwarfs" between the stellar main sequence and the white dwarf branch. Excluding

these stars reduced our nal sample to 177,91Kepler stars.

3.3.2 Stellar Radii Determination

To calculate stellar radii we employed the stellar classi cation codeisoclassify  (Huber
et al. 2017) in its \direct method," using as input the Gaia DR2 parallax (Lindegren et al.
2018), 2MASS K-band magnitude, and T, , logg, [Fe=H] values from the DR25 KSPC
(Mathur et al. 2017). We replaced the input values given in the KSPC for two sets of
stars: stars in the California-Kepler Survey (CKS), for which we adopted spectroscopic
parameters from Petigura et al. (2017), and stars withT, < 4000K with T provenances

from the KIC, for which we adopted revised T, values from Gaidos et al. (2016).

For each star, we rst converted parallaxes into distances using an exponentially
decreasing volume density prior with a length scale of 1.35kpc (Bailer-Jones 2015;
Astraatmadja & Bailer-Jones 2016) and included a systematic parallax o set of 0.03 mas
(Lindegren et al. 2018). We note that Gaia DR2 has systematic parallax o sets that
vary with position, angular scale, and color (Arenou et al. 2018; Lindegren et al. 2018).
Zinn et al. (2018) used asteroseismology to compare distances to those derived froBaia
parallaxes, and found a systematic o set of 0.05 mas within theKepler eld. Although this
measurement applies to theKepler eld, we still used the Lindegren et al. (2018) value
of 0.03 mas derived from quasars because of potential systematics in asteroseismic scaling
relations and poorly constrained color dependencies in the parallax o set. In addition, the

0.02 mas o set was small compared to the median parallax of 0.66 mas in our sample.
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Figure 3.1 Histogram of the fractional radius uncertainty for 177,702Kepler stars derived
in this work. The sample of 209 stars with fractional radius uncertainties> 0:2 are some
of the most distant stars in the Kepler eld. The typical radius uncertainty pre- Gaia DR2
was 30%. The peaks at 3%, 4.5%, and 8% errors correspond to M-dwarfs with
radii determined from M {radius relations, stars with spectroscopic constraints onT, ,
and stars with photometric T , respectively.
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We then combined the 2MASSK -band magnitude with extinctions Ay derived from
the 3D reddening map and interpolated reddening vectors in Table 1 of Green et al. (2018).
We also added the gray component of the extinction curveb=0.063, computed from
Ap/Ax =1.74 (Nishiyama et al. 2006) by Green et al. (2018), to our extinction values.
Next, we added these extinction values to our magnitudes, which we then combined with
distances to calculate absolute magnitudes. We derived bolometric corrections by linearly
interpolating Te , logg, [Fe=H] and Ay in the bolometric correction tables from the MESA
Isochrones & Stellar Tracks (MIST, Choi et al. 2016) grids (MIST/C3K, Conroy et al., in
prep), which we combined with our absolute magnitudes to compute luminosities. Finally,
we combined the derived luminosities withT, from Mathur et al. (2017) (or other sources as
indicated above), and Gaia parallaxes in the Stefan-Boltzmann relation to calculate stellar
radii. The procedure is implemented as a Monte-Carlo sampling scheme, and the resulting
distributions were used to calculate the median and 1 con dence interval for the radius

of each star. Table 3.1 lists our revised radii for all 177,91Kepler stars analyzed here.

The above method produced systematically overestimated radii for M-dwarfs due to
inaccuracies in bolometric corrections inisoclassify , which are based on ATLAS model
stellar atmospheres (Kurucz 1993). Therefore, we used an empirical relationship between
the absolute K magnitude (Mg,) and stellar radius described by Equation (4) and Table
1 of Mann et al. (2015) to compute stellar radii and hence luminosities for stars with
Te <4100K andMg, > 3.0mag. We added 2.7%, corresponding to the uncertainty of the
relation, to uncertainties in the radii of these stars. Although the Mg {radius relation
only applies for Mk . > 4.0 mag, we have con rmed that an extrapolation to Mk, =3.0 mag

produces radii that are approximately compatible with those predicted by MIST isochrones.

Figure 3.1 shows a histogram of fractional radius uncertainties for 177,702 of 177,911
Kepler stars with radii derived in this work. The remaining 209 stars have higher fractional
radius uncertainties, and are likely some of the most distant stars in theKepler eld.
The typical uncertainty is 8%, a factor of 4-5 improvement over the KSPC. The radius

uncertainty is dominated by T, , which for a typical Kepler target is 3.5% based on
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broadband photometry (Huber et al. 2014). The peak at 3% fractional radius uncertainty
corresponds to M-dwarf radii computed through the M {radius relation (not dependent
onTe , Mann et al. 2015), while the peak at 4.5% fractional radius uncertainty represents
stars with spectroscopic temperatures (2% errors inl ). Our error budget also included
uncertainties of 0.04 mag inAy and 0.02 mag in bolometric corrections, which are typical
values for the Kepler eld (Huber et al. 2017). To compute the uncertainty in Ay, which
carries into the error in the stellar radius, we combined both the distance uncertainty, which
translates into an uncertainty in Ay along the line of sight (minimal), and uncertainties in
the reddening model itself (dominant). We determined the latter by comparing the Green
et al. (2015) map with the Green et al. (2018) map for our sample, yielding a median
absolute deviation of 22%, which we adopt as a fractional uncertainty for our reported
extinction values. Therefore, for our typical Ay =0.18 mag, we report a typical uncertainty
of 0.04 mag. This corresponds tcAkx =0.013 0.003 mag, which factors into the absolute
K -band magnitude uncertainty and hence our stellar radius uncertainty. We emphasize
that the above routine uses logy from the KSPC only to determine bolometric corrections,
which are only mildly dependent on logg and hence the derived radii are mostly insensitive

to inaccurate logg values.

The 3.5% and 2% uncertainties inTe ( 200K and 115K at solar T, ) were
conservative, but large enough to have encompassed systematic di erences betwed&gn
scales and covariances between extinction and coldrs relations (Pinsonneault et al. 2012).
Future revisions of the T, scale forKepler stars, taking into account revised reddening maps
based onGaia DR2, can be expected to improve the typical radius precision to 5% or

better.

The Gaia Collaboration released radii and e ective temperatures for 178,706Kepler
targets based onGaia photometry and parallaxes (Gaia Collaboration et al. 2018; Lindegren
et al. 2018; Andrae et al. 2018). However, these parameters are optimized for 160 million
stars across the sky. In contrast, theKepler eld is one of the most well-studied samples

of stars due to its relevance to exoplanet science, and the KSPC includes information from
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the vast amount of photometric, spectroscopic and asteroseismic analyses that have been
performed over the past ten years. Therefore, we expect the stellar radii derived in this

work to be more accurate than those reported by theGaia Collaboration.

3.3.3 \Validation of Stellar Radii
Comparison to Asteroseismic Radii

To test the precision of our radii, we compared them to radii derived using asteroseismology
as given in Chaplin et al. (2014) (Figure 3.2). Red and black points represent Chaplin et al.
(2014) radii determined from T,  derived from the InfraRed Flux Method (IRFM) and SDSS
photometry, respectively. Temperatures adopted in our catalog come from spectroscopic
measurements by Buchhave & Latham (2015), as adopted by Mathur et al. (2017). Overall
we nd that the scatter is on the order of 4%, which is fully consistent with the typical
4% uncertainties of our radii for stars with spectroscopic constraints (see Figure 3.1). We
also identify a 3% systematic o set in the subgiant range (1.5{3.0R ), where the Chaplin
et al. (2014) radii are systematically smaller. Part of this o set can be explained by the use
of di erent e ective temperature scales, as discussed in Huber et al. (2017), which identi es
a similar o set based on a comparison of asteroseismology witkaia DR1. Ultimately, this
comparison with independent measurements supports the precision of the radii reported in

our catalog.

Systematic Error Sources

A variety of factors can a ect the accuracy of our reported stellar radii. O sets in the
e ective temperature, in most cases, have the largest e ect on our reported radii £ 60%
of the error budget for a typical star with either spectroscopic, 2%, or photometric, 3.5%
fractional errors in Te ). We used conservative errors on oufTg values because of the
inhomogeneity of the KSPC'sTe sources. These uncertainties contained, 0 sets between
di erent methods, which are typically less than 150K (see Table 7 andTe comparison plots

in Petigura et al. 2017).
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Figure 3.2 Comparison of our derived stellar radii using Gaia parallaxes to asteroseismic
radii from Chaplin et al. (2014). In red and black are Chaplin et al. (2014) radii derived
from T. determined through the InfraRed Flux Method (IRFM) and SDSS photometry,
respectively. The top panel plots Chaplin et al. (2014) radii versus those derived in this
work, while the bottom panel plots the ratio (our radii divided by the Chaplin radii) versus

our radii.
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2MASS reports typical errors of 0.03mag inK -band photometry. Therefore, any
systematic o set in the zeropoint of 2MASS photometry would, at most, resultina 1.5%
error in our computed stellar radius. Gaia DR2 parallaxes in the Kepler eld may be
systematically underestimated by about 0.02 mas, a gure smaller than typical formal error,
as well as the global systematic value of 0.03 mas (Lindegren et al. 2018; Zinn et al. 2018).
This o set would produce an overestimation of stellar radii of 1% for nearby stars, and
up to 5% for stars as far as 5kpc. We included a 0.02 mag uncertainty. (1% error in
the stellar radius) to account for uncertainty in our MIST/C3K bolometric correction grid,
but that does not account for issues in the models. Although the grid appears to work
well for most stars, it fails for M-dwarfs, where, in some cases, radii were overestimated
by 20%. We therefore computed M-dwarf radii using the Mann et al. (2015) relation
detailed in Section 3.3.2. Finally, we considered systematic errors in our extinction values.
As we discussed in Section 3.3.2, the bulk of the uncertainty in the extinction will come
from intrinsic inaccuracies in the reddening map. Taking our typical extinction uncertainty
of 0.003mag inAg, this translates into a << 1% underestimation of the stellar radius.
Even when we considered the worst-case scenario from Green et al. (2018), where their map
signi cantly underestimates reddening by 0.25 mag inAy (A =0.02 mag) compared to the
(Planck Collaboration et al. 2014) map, this only corresponds to a 1% underestimation
of the stellar radius.

In summary, we expect that individual systematic errors are well within our quoted
uncertainties. Since some of the error sources are independent (e.g. temperature and
parallax, photometric zero-point o sets and bolometric corrections) we consider it unlikely
that they would be linearly additive, in which case radius systematics would exceed our

guoted uncertainties.

Stellar and Exoplanet Radius Dilution

2MASS photometry in some cases includes ux from unresolved stellar companions, which

a ects both stellar and exoplanet radii. To minimize the number of stars with problematic
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Figure 3.3 Radius versus e ective temperature for 17772Xepler stars with radii based on

Gaia DR2 parallaxes presented in this work. A sample of 189 stars falling o the plot limits

shown here includes hot stars Te > 10000 K) and white dwarfs. Color-coding represents
logarithmic number density. Note that the discontinuity in Te near 4000K is an artifact

due to systematic shifts in Te scales in the DR25Kepler Stellar Properties Catalog.
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2MASS photometry, we only used sources with \AAA" photometry quality, which removed
5,000 ( 3%) sources from our catalog. 2MASS photometry has an e ective resolution of 4"
(Skrutskie et al. 2006), similar to the size ofKepler pixels. Ziegler et al. (2018) showed that,
of the companions within 4" from their hosts, the contrasts ( m) range over 0{6 mag in
the LP600 bandpass (a long-pass lter that begins to transmit at 600 nm and that roughly
matches the Kepler passband, Law et al. 2014). This corresponds to m 0{3mag for
2MASS K -band photometry for a G-type main sequence star and its companion, which
results in a 41{3% overestimated stellar radius for the primary star. This is signi cantly
larger than our radius uncertainties in some cases, but, lacking adaptive optics follow-up
for all stars in the Kepler eld, we did not amend our radii. Ziegler et al. (2018) found that
14.5% ofKepler stars with candidate planets have close-in € 4") detected companions.
However, only 7% of stars in the Ziegler et al. (2018) sample had K< 2%. Thus, only
these low-contrast companions could dilute measured uxes enough to exceed our reported
8% uncertainties. Companions more widely separated than 4" should be resolved by 2MASS

and in these cases the amount of dilution and a ect on planet radius should be small.

If the stellar radius is actually smaller, then any transiting planet radius is smaller too.
However, unresolved companions also a ect the transit signal in theKepler lightcurve, and
there is a net e ect only to the extent the surface brightnessef the stars are di erent. For
the Kepler bandpass di erences inTe between the primary and companion will dominate,
while di erences in logg and [Fe/H] will have minimal e ect. We agged stars identi ed
as multiples by Ziegler et al. (2018) as adaptive optics (AO) binaries in Table 3.1 (binary
ag = 1 or 3). We caution that these ags are not complete as there may be companions
unresolved by Robo-AO, they are restricted to theKepler Objects of Interest (KOIs), and

not all detections are physical companions.
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3.4 Revised Radii of Kepler stars

3.4.1 The Gaia H-R Diagram of Kepler Stars

Figure 4.8 shows stellar radius versus e ective temperature for thekepler stars with radii
revised by this work. This diagram is the rst nearly model-independent H-R diagram of the
Kepler eld. We see a clear main sequence, from M dwarfs ate =3000Kand R 0.2R ,
through A starsat T . 9000K andR 2R . The main sequence turno at T 6000K
and R 2R is visible, along with the giant branch. We identify the \red clump" as the
concentration of stars surroundingTe 4900K andR 11R . As expected, theKepler
targets are heavily dominated by FG-type stars as a result of the target selection focusing

on solar-type stars to detect transiting exoplanets (Batalha et al. 2010).

The distribution in Figure 4.8 contains artifacts, most prominently the gap in the main
sequence around 4000 K. This gap is the result of the combination of two photometride
scales in the KSPC (Mathur et al. 2017), namelyT, values from Pinsonneault et al. (2012)
for FGK stars and the classi cation of M dwarfs by Dressing & Charbonneau (2013). An
accurate re-calibration of the T scale for all Kepler targets is beyond the scope of this
paper, but the use of the DR25 ensures the inclusion of the best available values fdr,
and [Fe=H] on a star-by-star basis. A number of stars below the main sequence that may be
white dwarfs (T =6500{10000K andR =0.02R , not shown in Figure 4.8) and subdwarfs
(Te =3600{5400K and R,< 0.6R ) as well as in other extreme parameter regimes could

be catalog mismatches or have erroneou$. values (Table 3.1).

Figure 4.8 contains an apparent second sequence above the main sequence for dwarfs
with T < 5200K. Because K stars are less massive than their hotter main sequence
counterparts, we do not expect these stars to have evolved signi cantly over a Hubble
time, and the intrinsic spread in metallicity is not expected to be asymmetric enough to
produce this feature. Rather, this feature likely contains nearly equal-mass binaries; the
luminosities and radii of these stars will be overestimated by our methods, but also indicates

that Gaia DR2 parallaxes can be used to readily identify cool main-sequence binaries.
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3.4.2 Comparison to the DR25  Kepler Stellar Properties Catalog

Figure 3.4 shows a comparison of stellar radii in the DR25 stellar properties catalog (Mathur
et al. 2017) to those derived in this paper. The distribution approximately tracks the 1:1
line, but there is large scatter and strong systematic o sets caused by large uncertainties
in the DR25 radii, which were mostly based on photometric logg values from the KIC.
We measure an overall median o set and scatter in theGaia/DR25 residuals of 12% and
34% for all stars, 14% and 32% for unevolved stars{3R ), and {7% and 35% for red
giants (> 3R ), where positive o sets indicate a larger Gaia radius. The residuals clearly
demonstrate that a substantial fraction of Kepler stars are more evolved than implied in
the KSPC.

We also identify 975 giants which were misclassi ed as dwarfs and 483 dwarfs which
were misclassi ed as giants (bottom right and top left areas in the top panel of Figure
3.4, respectively). The revised classi cations presented here will thus aid in increasing cool
dwarf samples for studies of stellar rotation and activity (e.g. McQuillan et al. 2014; Angus
et al. 2016; Davenport 2016) and red giants for asteroseismology (e.g. Hekker et al. 2011;
Mosser et al. 2012; Stello et al. 2013; Yu et al. 2018).

3.4.3 Evolutionary States of  Kepler Stars

Since the initial Kepler target selection (Batalha et al. 2010), there has been growing
evidence that the number of subgiants in theKepler Input Catalog (KIC, Brown et al.
2011) and subsequent KSPC revisions (Huber et al. 2014; Mathur et al. 2017) have
been signi cantly underestimated due to Malmquist bias (Gaidos & Mann 2013) and the
insensitivity of broadband photometry to determine surface gravities. For example, Verner
et al. (2011) show that radii in the KIC are underestimated by up to 50% for a sample
of subgiants with asteroseismic detections. Everett et al. (2013) used medium resolution
spectroscopy to arrive at a similar conclusion for faint Kepler exoplanet host stars, while
surface gravities derived from granulation noise (\icker") suggested that nearly 50% of all

bright exoplanet host stars are subgiants (Bastien et al. 2014).
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Figure 3.4 Comparison of radii in the DR25Kepler Stellar Properties Catalog (Mathur et al.
2017) and the radii derived in this paper. The colors represent the density of points. The
white and black line is the 1:1 comparison between DR25 radii and our derived radii. The
bottom panel shows the ratio between DR25 stellar radii and our stellar radii.
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Figure 3.5 Evolutionary state classications of all Kepler targets based on physically
motivated boundaries for evolutionary states (see text). We nd that 67% (120,000)
of all Kepler targets are main-sequence stars (black), 21% (37,000) are subgiants (green),
and 12% (21,000) are red giants (red). Approximately 3,100 cool main-sequence stars are
a ected by binarity (blue).
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The revised radii usingGaia DR2 parallaxes presented in this work allow the rst de nite
classi cation of the evolutionary states of nearly all Kepler targets. To do this, we used
solar-metallicity Parsec evolutionary tracks (Bressan et al. 2012) to de ne the terminal age
main sequence and base of the red-giant branch (RGB) in the temperature-radius plane,
as shown in Figure 3.5. Assuming solar metallicity means that the classi cations will be
only statistically accurate, but spectroscopic surveys of theKepler eld such as the Large
Sky Area Multi-Object Fiber Spectroscopic Telescope (LAMOST; De Cat et al. 2015) have

con rmed that the average metallicity of Kepler targets is solar (Dong et al. 2014).

To classify cool main sequence stars a ected by binarity, we combined a 15 Gyr isochrone
at [Fe=H]=0.5dex (for warmer stars) with an empirical cut-o determined from a ducial
main sequence (for cooler stars). The latter was determined by tting Gaussians to radius

distributions in xed Te bins and tting a fourth order polynomial to the centroid values,

yielding:
logL = 0:69772909 + 2157449% + 1:952069&2 + 16:04147x° 37:34146&*% (3.1)
where x = To =463378 1. Based on the observed bi-modality at a given temperature

we choose a cut-o of 14L to de ne candidate cool main-sequence binaries (blue points in
Figure 3.5). Based on the classi cations shown in Figure 3.5, we nd that 67% (120,000)
of all Kepler targets are main-sequence stars, 21% (37,000) are subgiants, and 12%
(21,000) are red giants. Approximately 3,100Kepler targets are cool main-sequence binary
candidates (blue). Restricting the sample toT, =5100{6300K yields a subgiant fraction of
31%, and we con rmed that this fraction is relatively insensitive to apparent magnitude.
While this conrms that a substantial fraction of Kepler stars are more evolved than
previously thought (see also Figure 3.4), it also demonstrates that some earlier estimates
of subgiant contamination rates in the KIC and KSPC were too high, and that Kepler did
mostly target main-sequence stars. Indeed, the subgiant fractions stated above are upper

limits since some stars will be a ected by binarity similar to the cool main-sequence stars.
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Figure 3.6 Hertzprung-Russell diagram displaying 147CKepler con rmed planet hosts (in
red) and 1524Kepler candidate planet host stars (in black).

The new classi cations provided here will provide valuable input for planet occurrence
studies, which rely on accurate stellar parameters of the parent sample (e.g. Burke et al.

2015).

3.5 Revised Properties of Kepler Exoplanets

3.5.1 The Gaia H-R Diagram of Kepler Planet Host Stars

Figure 5.2 displays the stellar radii and T, distribution of Kepler planet host stars, which
mostly tracks the overall Kepler population in Figure 4.8. While there are a similar number

of con rmed (1470, red) and candidate (1524, black) planet hosts, a larger proportion of the
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hosts stars are more evolved. This is consistent with the expected larger number of false-
positives around more evolved stars, which display larger correlated noise due to granulation
(Sliski & Kipping 2014; Barclay et al. 2015). Several con rmed and candidate host stars

fall below the main sequence and may be metal-poor subdwarfs.

3.5.2 Comparison to Previous Planet Radii

From the stellar radii derived above, we computed updated planet radii by utilizing
the planet-star radius ratio reported in the cumulative Kepler Object of Interest (KOI)
table of the NASA Exoplanet Archive (Akeson et al. 2013; Thompson et al. 2018) and
then multiplying this ratio by our computed stellar radius. Our revised planet radii
and uncertainties are given in Table 3.2 along with a binary ag for stars with detected
companions (binary ag = 1, Ziegler et al. 2018). All of our data products (Tables 3.1 and
3.2 and additional parameters) are available at the Mikulski Archive for Space Telescopes
(MAST). In an attempt to quantify how much the corrections to stellar radii a ect planet
radii, we compare planet radii calculated using the stellar radii in KSPC DR25 and in
this work in Figure 3.7. We can see from the top panel that some planets radii change
signi cantly with the stellar radius corrections initiated by Gaia DR2. The bottom panel
reveals a slight systematic o set from 1{5R , with our revised planet radii being larger.
We expect this discrepancy arises because most of these planets orbit subgiant stars that
were previously misclassi ed as dwarfs.

In Figure 5.4 we plot histograms of planet radii, separating candidate (gray) from
conrmed (red) planets. Figure 5.4a includes the entire sample of 3959 planets with
computed R, < 30R . Even from this (likely contaminated) sample, we readily recover the
previously-reported gap in the radius distribution at 2R (Lopez & Fortney 2013; Owen
& Wu 2013). Utilizing the precise radii of the California- Kepler Survey (CKS, Petigura
et al. 2017; Johnson et al. 2017), Fulton et al. (2017) con rmed a a dearth of planets with
radii 1.8 R . In addition, Van Eylen et al. (2018) used asteroseismic radii to investigate

the distribution of sizes of smaller planets and found a similar feature. Interestingly, our
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