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Abstract

Every Sun-like star will eventually evolve into a red giant, a transition which can profoundly affect

the evolution of a surrounding planetary system. The timescale of dynamical planet evolution and

orbital decay has important implications for planetary habitability, as well as post-main sequence star

and planet interaction, evolution and internal structure. In this thesis, I investigate the population

of giant planets transiting low luminosity red giant branch stars observed by the NASA K2 mission.

I report the discovery of two new planets orbiting evolved stars, and confirm the existence of a third,

doubling the number of evolved (R� > 3.5 R�, Te� < Te�;�) stars with known transiting planets.

By developing new tools to mitigate stellar variability in evolved star light curves, I robustly measure

the planetary radii of these systems. I find that all of these planets are inflated, the first evidence

that planets may be inflated directly by an increase in incident stellar radiation, and thus comprise

a previously unknown class of re-inflated planets. I also obtain radial velocity measurements of

planets orbiting evolved stars to constrain their orbital properties and the efficiency of re-inflation.

I find that close-in giant planets orbiting evolved stars display a preference for moderately eccentric

orbits, a previously predicted outcome of late-stage planetary system evolution. Finally, I perform

a comprehensive planet occurrence study using all oscillating low luminosity red giant branch stars

observed in the first 16 campaigns of K2. I measure stellar masses and radii to 6% precision or

better using asteroseismology, and find a comparable fraction of close-in giant planets around evolved

stars as main sequence stars. A higher fraction of inflated close-in gas giants is also found around

evolved stars. These discoveries imply that planet engulfment happens more slowly than previously

predicted, and that the effects of stellar evolution on the occurrence of close-in planets larger than

Jupiter is not significant until stars have begun ascending substantially up the red giant branch (&

6 R�). Further surveys of these stars by the NASA TESS mission will reveal the dependence of

late-stage planetary evolution on star and planet properties.
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Chapter 1

Introduction

For millenia, our species has wondered whether there are places other than Earth where life could

exist. Over a span of less than a generation, this question has transitioned from a hypothetical

argument limited by a lack of evidence for planets outside our own solar system into a concrete

scienti�c �eld of study, with over 4,000 examples known to date. Understanding the distribution of

exoplanets, planets outside our solar system, is essential to arrive at an answer to this question.

Over the relatively short history of exoplanet science, we have determined that planets orbit a

majority of stars in our Galaxy (Mayor et al. 2011), and that planets and/or planetesimals surround

all types of stars in our Galaxy (Wolszczan & Frail 1992; Mayor & Queloz 1995; Marois et al. 2008;

Lillo-Box et al. 2014; Vanderburg et al. 2015; Anglada-Escud�e et al. 2016; Gaudi et al. 2017). For

my thesis, I have focused on understanding the planet population of stars beginning to ascend the

red giant branch, an evolutionary state lasting � 10% of a star's lifetime. These systems represent

both a signi�cant fraction of planetary systems in our Galaxy today, as well as the future state of

our own Solar System.

The structure of this thesis is as follows. In Chapter 2 we discuss the discovery and con�rmation

of K2-97b, the �rst planet found by our survey, and discuss its implications for understanding the

planet in
ation mechanism(s). We use asteroseismology to derive precise stellar parameters, and

Gaussian process analysis to mitigate the e�ect of stellar variability when measuring planet transit

parameters. In Chapter 3 we introduce K2-132b, the second re-in
ated planet found by our survey,

and further develop our Gaussian process model such that it accounts for both stellar granulation

and oscillations, and thus can be used to perform asteroseismology entirely in the time domain.

We use this improved model to measure precise star and planet parameters and place additional
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constraints on the mechanism and e�ciency of planet in
ation. In Chapter 4 we investigate the

orbital eccentricity distribution of the population of giant planets orbiting red giant stars, and

compare it to the giant planet eccentricity distribution of the population of main sequence stars.

In Chapter 5, we perform asteroseismology of our fullK2 target sample, and then use the stellar

parameters thereby determined to calculate planet occurrence for the entire sample, as a function

of planet radius, stellar radius, and orbital period. We then compare this planet occurrence rate

to main sequence stars, and conclude that orbital evolution of planets is not occurring as quickly

around evolved stars as was inferred previously. In Chapter 6, we discuss ongoing projects to

calibrate e�ective temperature and radius relations based on stellar luminosities for red giant stars,

and understand the variability of evolved stars in radial velocity measurements. Finally, in Chapter

7, we state our conclusions, and discuss the feasibility of extending the study of transiting planets

around evolved stars with TESS.

1.1 Exoplanet Demographics

1.1.1 Exoplanet surveys: a recent history

Though philosophers predicted the existence of other worlds thousands of years ago, techniques

for detecting them only became available in the past century. Two potential methods of detecting

planets were suggested by Struve (1952): measuring the spectroscopic signature produced by the

cyclical wobble of the host star being pulled by a planet in orbit around the star, and measuring the

periodic dimming of a star as a planet passes between the star and us once per orbit.

The former method is commonly referred to as the radial velocity (RV) technique. By measuring

the line-of-sight velocity of the star K , the mass ratio of a planet to a star can be inferred using the

following equation:

K =
� 2�G

P

� 1=3 M p sin i

M 2=3
�

1
p

1 � e2
(1.1)

where M p and M � are the masses of the planet and host star,P is the orbital period, e is the

orbit eccentricity and i is the orbit inclination. Additionally, if a planet passes between us and its

host star once per orbit, the star will periodically be dimmed by the fraction of the stellar disk

blocked:
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� Rp

R�

� 2
(1.2)

where Rp and R� are the planet and stellar radius, respectively. The vast majority of planets

discovered to date have been found using these two methods. As both methods require determining

planet properties relative to stellar properties, accurate stellar characterization is key to determining

proper planet population characteristics.

Latham et al. (1989) reported the �rst detection of a planetary mass object orbiting HD 114762

using the RV method. Three years later, Wolszczan & Frail (1992) made the �rst unambiguous

detection of planet-mass objects outside of the Solar System. Mayor & Queloz (1995) reported the

discovery of 51 Pegasi b, a Jupiter-mass planet orbiting a main sequence star. This spawned the

era of RV planet searches, with planet totals reaching twelve by the year 2000 and reaching 100 less

than a decade later (Han et al. 2014).

Though the RV method has been a longer history of success, transiting planet discoveries

currently dominate the majority of planet discovered to date. Charbonneau et al. (2000) and Henry

et al. (2000) reported the �rst discovery of a transiting exoplanet, HD209458b. This planet was

found to be larger than giant planet models predicted was possible, spurring investigation into

planet in
ation (Burrows et al. 2000; Bodenheimer et al. 2001). However, the noise limitations of

the atmosphere severely limited the precision of transit observations from the ground, and thus space

observations were needed to enable detections of large numbers of planets using this method.

The Kepler and CoRoT space telescopes were both approved for planet transit observations in

the early 2000s, withCoRoT launching in 2006, andKepler in 2009 (Auvergne et al. 2009; Borucki

et al. 2010). In this thesis, we have chosen to focus onKepler as it is responsible for all light curves

analyzed in this study. For four years starting in December 2009, theKepler telescope measured

precise brightnesses of> 150,000 stars in a 10� 10 degree �eld of view in the constellation Cygnus

every 30 minutes. This mission discovered thousands of transiting planets and revolutionized the

�eld of exoplanet science.

In the 21st century, exoplanet science has moved from an era of individual detection to a study

of populations. Instead of focusing on individual planet studies, populations of planets were studied.

The occurrence of planets,
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f pl =
Np

N �
; (1.3)

whereNp represents a total number of planets around a population ofN � stars, could be inferred

for the �rst time using various planet populations. It is important to note that this fraction is

di�erent from the fraction of stars that host planets, as many stars host more than one planet.

Marcy et al. (2005) used the early detections of hot Jupiters in order to estimate an occurrence

rate of 1.2 � 0.1 %. Cumming et al. (2008) determined that � 10% of Sun-like stars have a giant

planet with an orbital period less than 5.5 years. Following these RV studies,Kepler results were able

to extend these population studies from hundreds to thousands of planets, and were tremendously

successful in accomplishing the mission goal of determining the frequency of planets around Sun-

like stars. Howard et al. (2012) usedKepler mission light curves of 58,041 stars with 1,235 planet

candidates to estimate the distribution of planets as a function of planet radius, orbital period, and

stellar e�ective temperature for orbital periods less than 50 days and planet radii greater than 2

R� . They found that the distribution of planet radii can be described as a power law, with smaller,

sub-Neptune-sized planets being signi�cantly more common than Jupiters. Later studies of planet

occurrence con�rmed this result (Fressin et al. 2013).

Petigura et al. (2013) extended this study in the planet radius dimension to determine the fraction

of Earth-like planets expected around Sun-like stars, and found that 22� 8 % of Sun-like stars host

1-4 R� planets receiving 0.25-4 F� , one of the goals of theKepler mission. Additional ground-

based spectroscopic followup of these transiting planetary systems revealed additional structure

in the radius distribution of planets (Fulton et al. 2017). This gap is predicted to be due to the

photoevaporation of planetary atmospheres during the �rst hundred million years of stellar evolution,

when the 
ux on a planet from high-energy photons is orders of magnitude higher than during its

main sequence lifetime (Owen & Wu 2017). This was the �rst direct evidence of stellar evolution

impacting the observed planet population.

However, the focus of theKepler prime mission on main sequence systems left evolved stars

relatively unexplored. A handful of planet detections around evolved stars byKepler (Huber

et al. 2013a; Lillo-Box et al. 2014; Campante et al. 2015) motivated a more targeted search of

evolved stars to understand the correlation between planetary properties and late-stage stellar

evolution. A larger sample of gas giant planets at 0.1{0.3 AU orbits around evolved stars is
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essential to understanding the correlation between planet in
ation and stellar irradiation (Lopez

& Fortney 2016). An understanding of the orbits of planets around evolved stars can constrain

tidal circularization and inspiral timescales for all planetary systems, and its correlation with stellar

radius (Villaver et al. 2014). A larger, well-characterized population of planets around evolved stars

allows direct comparison to main sequence systems, revealing how the last 10% of a star's life can

sculpt planetary environments in unique ways (Jones et al. 2016). A survey of giant stars by a

mission like Kepler can reveal a population of planets within . 0.3 AU, where earlier RV planet

surveys of evolved stars were not sensitive.

1.1.2 The K2 Mission

Figure 1.1 Fields of view observed by theK2 mission, displayed in right ascension and declination.
Taken from https://keplerscience.arc.nasa.gov/ on 06-08-19. All �elds lie along the ecliptic
plane (black curve).

In May 2013, the second of four reaction wheels responsible for maintaining the pointing of the

Kepler spacecraft broke, making a continuation of theKepler prime mission impossible. However,

ingenuity among the Ball Aerospaceand Kepler engineers led to a new mission similar to theKepler

prime mission, in which the Kepler telescope would observe a di�erent �eld along the ecliptic plane

every � 80 days, its pointing balanced in two dimensions by its remaining function reaction wheels

and in the third dimension by the pressure due to the Sun's radiation and particle expulsion (Figure

1.1). The constantly changing �eld made rapid target selection essential, causing theK2 mission

targets to be chosen entirely by the scienti�c community. This allowed for systematic targeting of

evolved stars for transit surveys for the �rst time.
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The K2 extension to the Kepler prime mission opened target selection to the wider astronomical

community, extending transiting exoplanet studies to a much wider range of host stars (see Figure

1.2). The large numbers of targets acquired by theKepler and K2 missions has allowed the �rst

comparable estimates of planet occurrence as a function of stellar type (e.g., van Sluijs & Van Eylen

2018).

For this work, we have chosen to focus on low-luminosity red giant branch (LLRGB) stars. These

stars have evolved signi�cantly from their main sequence states, but are not so evolved thatK2

photometric precision is insu�cient to detect transiting planets smaller than Jupiter. In addition,

low- and intermediate-mass star evolutionary tracks converge during the LLRGB phase, potentially

allowing more unbiased comparison between planet populations as a function of stellar mass (Johnson

et al. 2010a). By using the K2 mission to search for transits around a representative population

of low-luminosity red giant branch stars, we can understand how the evolution of main sequence,

Sun-like stars into red giants a�ects planet stability and evolution, and place additional limits on

the timescale for habitability of a planetary system.

The K2 mission has already resulted in hundreds of planet discoveries (Mayo et al. 2018), many

of which have been around stars which would not have been targeted by theKepler prime mission

(e.g., Vanderburg et al. 2015). These studies, along with the previous analysis of theKepler prime

mission, is allowing for new estimates of planet occurrence at di�erent stages of planetary system

evolution. Kepler and K2 surveys of young stars have begun to uncover evolutionary trends at the

earliest stages of planet evolution (Gaidos et al. 2016; Mann et al. 2017). In contrast, this thesis

explores the other end of planetary lifetimes, and how late-stage stellar evolution can disrupt and

potentially destroy planets.

1.1.3 Planets around evolved stars

RV surveys

Following the discovery of a number of planets around Sun-like stars via radial velocity (RV) surveys,

the �eld of exoplanets moved toward trying to understand the occurrence of planets as a function of

stellar mass. However, massive main sequence stars were not amenable to RV studies due to their

rapid rotation. Thus, RV surveys of massive stars were limited to evolved stars, around which a

number of new planets were found (Sato et al. 2005; Johnson et al. 2007, 2010a). These studies
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Figure 1.2 Stellar radius versus e�ective temperature for stars observed by theK2 (left) and Kepler
(right) missions. Color indicates the density of stars at any given point on the �gure. While the
Kepler prime mission was heavily focused on main sequence stars similar to the Sun,K2 observed a
higher fraction of cooler stars, both red dwarfs and red giant stars. Taken from Huber et al. (2016).

revealed a correlation between stellar mass and planet occurrence: more massive stars are more

likely to host planets. However, this population of evolved stars could not be directly compared to

solar mass, main sequence stars, due to the additional confounding e�ects of mass and metallicity

bias present in the evolved planet host sample. Moreover, uncertainties in stellar mass determination

for these stars from isochrone �tting made determining the relation between stellar mass and planet

occurrence more di�cult and heavily debated (Johnson et al. 2010a; Lloyd 2011, 2013; Ghezzi &

Johnson 2015).

However, though these surveys were relatively successful at �nding planets on� 1 AU orbits

around evolved stars, they appeared to �nd a much smaller fraction of planets at orbits< 0.5 AU

(Bowler et al. 2010; Jones et al. 2016). Despite the decades-long baseline of many RV campaigns,

only one planet had been discovered via the RV method around evolved stars at periods less than 80

days at the start of this project (Johnson et al. 2010b, see Figure 1.3). Two additional RV planets

have been discovered around evolved stars at periods less than 80 days since the start of this survey,

but this is still less than half the number of transiting planets known around evolved stars to date

(Niedzielski et al. 2016; Takarada et al. 2018). It has been suggested that this dearth of planets at

short orbital periods around evolved stars could be a consequence of stellar evolution (Villaver &

Livio 2009; Jones et al. 2017). However, both the bias of RV surveys toward bright, low-activity stars
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Figure 1.3 Planet mass versus orbital period for the main sequence and evolved star populations
known at the start of this thesis. Planets orbiting evolved stars (R� > 3.5 R� , Te� ;� < T e� ;� ) are
designated in color, with blue triangles representing planets found using the radial velocity method,
and red circles representing planets found via the transit method. All three transiting planetary
systems were discovered byKepler. Planets known orbiting main sequence stars are shown as
black dots. The shaded region roughly corresponds to the region of sensitivity of past and current
photometric searches for planet transits.

and the observation strategy could a�ect the detection of close-in planets. In addition, a number

of planets con�rmed around evolved stars using RV methods at orbital distances> 0.5 AU are now

being retracted as false positive detections attributed to long period stellar variability (Delgado

Mena et al. 2018). Thus, a direct determination of planet occurrence around evolved stars using

only RV measurements was not possible.

Transit discoveries

The launch of Kepler started a new era for the study of exoplanets, making transit studies possible

for a large number of host stars. Though the mission was largely focused on main sequence stars,

the �rst planets known to be transiting evolved stars were serendipitously discovered byKepler

(Huber et al. 2013a; Lillo-Box et al. 2014; Campante et al. 2015, , see Figure 1.3). Thanks to the

discovery of these systems, investigation of the e�ect of late stage stellar evolution on planet radius

was made possible for the �rst time. The K2 mission allowed for the �rst targeted survey of evolved
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stars in order to search for transiting planets, and has resulted in the detection of three planets

orbiting evolved stars to date (Chapter 2, Chapter 3, Chapter 5, Mayo et al. 2018). These handful

of transiting planets, along with a larger population of RV planets at longer periods, allow for a more

complete understanding of the planet population of evolved stars (Jones et al. 2016, Chapter 4).

The TESS mission is currently taking similar data of the entire sky, predicted to result in hundreds

of more transiting planet detections around evolved stars over the next 5 years (Barclay et al. 2018).

Investigating Hot Jupiter In
ation

Though relatively uncommon, Jupiter-sized planets on short-period orbits have been instrumental

in pioneering new studies into our understanding of the demographics of exoplanets. The �rst planet

con�rmed around a Sun-like star was such a Hot Jupiter (Mayor & Queloz 1995), leading to larger

and larger surveys of nearby stars to �nd previously unknown planets. Due to the large size and

small orbital separation of these planets, hot Jupiters produce relatively large signals in transit and

radial velocity studies (Marcy & Butler 1996), and thus represent both a large fraction of the �rst

planets con�rmed outside of our solar system, as well as some of the best targets for detailed studies

to understand planet formation and evolution (Bodenheimer et al. 2001; Fortney et al. 2007). One of

the longest-standing unanswered questions about planet evolution is the mechanism(s) responsible

for hot Jupiter in
ation, which has been debated for over 20 years in the literature (Guillot et al.

1996; Burrows et al. 2000; Lopez & Fortney 2016). Studying in
ated hot Jupiters around evolved

stars, such as low-luminosity red giant branch stars, is key to determining what stellar evolutionary

e�ects are related to planet in
ation.

Planetary Archaeology

Looking for planets around evolved stars, or at least the subset of evolved stars around which

planet transits are detectable, is imperative to understand the distribution of planets around our

Galaxy. Due to Malmquist bias (Malmquist 1922), giant stars at relatively larger distances will be

overrepresented in magnitude-limited surveys. As two of the top �ve most distant planets detected by

K2 listed in the NASA Exoplanet Archive to date are orbiting stars included in our LLRGB survey

(Akeson et al. 2013; Gaia Collaboration et al. 2018, , Chapters 3{5), this suggests studies of planets

found transiting similar stars will allow the development of comparative planetary archaeology.

Though limited to the faintest and nearest giant stars, this planetary archaeology can be conducted
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Figure 1.4 Power spectral density as a function of frequency in the light curve of 16 Cyg A, a nearby
G-type main sequence star observed byKepler. The inset illustrates a wider range of frequencies
where the full range of oscillations can be seen. In the main plot,� max , the frequency of maximum
power, and � � , the regular frequency spacing between di�erent radial orders of oscillations, have
been labeled. Numbers correspond to the di�erent modes of oscillation (0: radial, 1: dipole, 2:
quadrupole, 3: octupole). Multiple radial orders of each mode can be seen, separated by �� .
Modi�ed from Chaplin & Miglio (2013).

with targets &1 kiloparsec away from Earth (Chapters 3{5?). Planets detected around these evolved

stars will teach us about the spatial variation of the exoplanet distribution at the largest possible

scales within our Galaxy. Thus, understanding how evolved systems correlate to main sequence

systems will be crucial to infer the main sequence distribution of planets as a function of spatial

location in our Galaxy.

1.2 Asteroseismology

Waves traveling through a physical medium can move transversely, as gravity waves, or

longitudinally, as pressure waves. In a homologous physical medium such as a star, waves can

propagate transversely as gravity waves or g-modes, where the restoring force is governed by

buoyancy, or longitudinally as pressure waves or p-modes, where pressure gradients provide the
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restoring force. Below the acoustic cuto� frequency of a star, these waves can resonate at the stellar

surface, providing direct information about internal structure from surface observations.

Turbulence, driven by convection at or near the surface of a star, will stochastically drive p-

mode oscillations at the surface of that star while damping those oscillations internally (Houdek

et al. 1999). These oscillations can be described as a series of spherical harmonics of radial ordern,

angular degreel, and azimuthal order m. For the Sun, a wide range of radial orders and angular

degrees can be used to infer the subsurface structure of localized features, such as sunspots or coronal

mass ejections, as well as global properties like the average stellar surface gravity, density, rotation

period and age. In other stars, however, the e�ects of geometrical cancellation make the observation

of high angular degrees impossible, and thus only the modes of low angular degree can be used,

limiting analysis to the global properties of the star. Asteroseismology is the study of relating these

observed oscillations to the physical properties of the star Christensen-Dalsgaard & Frandsen (1983).

Using photometric light curves with cadences of minutes to hours, such as those produced by

Kepler and K2, we can measure stellar oscillations to su�cient precision to constrain fundamental

stellar properties more precisely than current leading spectroscopic methods. This has been used

to greatly re�ne the parameters of known planet hosting systems, and uncover and con�rm new

features in the known planet population (Huber et al. 2013a; Lundkvist et al. 2016; Van Eylen et al.

2018). Given the relatively lower frequency and higher amplitude of red giant oscillations, the 30-

minute cadence data ofKepler and K2 has been particularly bene�cial for red giant asteroseismology,

leading to multiple surveys of these stars with theKepler telescope (Stello et al. 2013, 2017; Yu et al.

2018; Hon et al. 2018, Chapter 5).

Figure 1.4 shows the power spectral density of a Sun-like star exhibiting solar-like oscillations

observed by Kepler. Multiple radial orders of oscillation are visible, with digits 0-3 highlighting

the radial, dipole, quadrupole, and octopole oscillation modes respectively. The regular frequency

spacing between two adjacent modes of the same angular degree is known as �� , and is directly

proportional to the square root of the average stellar density, expected to scale as follows (Ulrich

1986; Brown et al. 1991):

� � =
(M=M � )1=2

(R=R� )3=2
� � � : (1.4)
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In addition, the inset in Figure 1.4 reveals the full range of frequencies over which stellar

oscillations can be seen. This range of frequencies can be approximated by a Gaussian envelope

with a central peak very near the frequency of maximum oscillation power. The frequency at the

central peak of this Gaussian envelope is known as� max , and has been observed to be closely

correlated with the acoustic cuto� frequency � ac of a star (Brown et al. 1991; Kjeldsen & Bedding

1995). Thus, � max is indirectly proportional to the surface gravity and e�ective temperature of a

star:

� max

� max ;�
=

g
g�

� Te�

Te� ;�

� � 1=2
(1.5)

Both � � and � max have been labeled in Figure 1.4. We rearrange the above equations to solve

for stellar mass and radius:

M
M �

�
�

� max

� max ;�

� 3 �
� �

f � � � � �

� � 4 �
Te�

Te� ;�

� 1:5

(1.6)

R
R�

�
�

� max

� max ;�

� �
� �

f � � � � �

� � 2 �
Te�

Te� ;�

� 0:5

: (1.7)

We adopt solar reference values of� max ;� = 3090 � Hz, � � � = 135.1 � Hz and Te� ;� = 5777 K

as given in the literature (Huber et al. 2011).

A more detailed exploration of stellar oscillation modes observed byKepler can reveal the age,

rotation, and inclination properties of a star as well (Huber et al. 2013b). However, given the shorter

time baseline ofK2 light curves, such detailed analysis was more di�cult. Thus the asteroseismic

analysis considered for this thesis project is limited to the use of the above quantities and equations.

We performed ensemble asteroseismology on thousands of LLRGB stars to determine precise stellar

radii and masses, and thus determine planet occurrence accurately for red giant stars (see Chapter

5 for more details).

1.3 Gaussian Process Analysis

Gaussian process (GP) regression is a nonparametric method to describe a dataset by evaluating

correlations betweenn data points through a covariance kernel. This kernel describes the relationship

of each point in the dataset to each other point, and can be expressed as ann � n matrix
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(subsequently referred to as the covariance matrix). The kernel is a function of hyperparameters.

More complicated kernels can have more hyperparameters that characterize di�erent qualities of the

correlations in the data, such as various periods, characteristic amplitudes and length scales, etc.

Gaussian process regression is widely used in the �eld of machine learning (Neal 1997; Herbrich

et al. 2003; Qui~nonero-Candela & Rasmussen 2005; Wang et al. 2008). Gibson et al. (2012)

introduced the technique to the �eld of exoplanets through analysis of transmission spectroscopy

to model correlated noise in the instrumental systematics of HST/NICMOS. Haywood et al. (2014)

have demonstrated the technique of GP modeling of RV and photometric signals for the CoRoT-

7 planetary system, �rst modeling the photometry with a GP and then using the photometric

GP hyperparameters to train the initial RV GP hyperparameters. This study demonstrated that

in the case of CoRoT-7b, parametric stellar activity models gave incorrect planet properties and

uncertainties. Thus, it is important to test many time series techniques, and further explore the

novel application of GPs in stellar variability analysis.

Finding the best GP regression requires choosing a kernel and initial hyperparameters, evaluating

the likelihood of those hyperparameter values, and then iterating through parameter space until the

most likely values are found. The squared exponential kernel, for example, de�nes a covariance

matrix through an operator,

� ij = k(t i ; t j ) = h2exp
�

�
� t i � t j

�

� 2
�
; (1.8)

where h is the covariance amplitude, and� the covariance length scale. The amplitude observed is

described byh, while � is a characteristic timescale over which the data is going to be correlated.

This kernel function can be used to describe correlated noise, such as stellar variability, and thus by

identifying the best �t kernel function hyperparameters, we can model this variability robustly and

obtain more accurate transit depths for red giant stars (see Chapter 2).

In addition, more complex Gaussian process kernels can be used to describe periodic and

quasiperiodic variability. These models are important for describing other variations of stellar

variability, such as rotation, particularly in systems where planetary periods are easily distinguished

from stellar rotation timescales. Quasiperiodic models have been shown to be e�ective at describing

stellar activity observed in RV measurements, allowing the recovery of a much smaller amplitude
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Table 1.1. Gaussian Process Kernel Options

Name Mathematical expression Hyperparameters a Comments

Squared exponential h2 exp
�

�
� t i � t j

�

� 2
�

h , � h amplitude,

� a characteristic timescale

Periodic h2 exp
�

�
sin 2 [ � ( t i � t j ) =� ]

2w 2

�
h , � , w � equivalent to P rot ,

w similar to above � expressed
as a fraction of �

Quasi-Periodic h2 exp
�

�
sin 2 [ � ( t i � t j ) =� ]

2w 2 �
� t i � t j

�

� 2
�

h , � , w , � w coherence of periodic variation

� timescale of aperiodic variation

Note. | The name of kernel functions and hyperparameters in Table 1.1 are taken from Rasmussen (2006).

a Each kernel � ij can be modi�ed to include an additional hyperparameter, a white noise term � 2 by adding one in
quadrature: � ij = � ij + � 2 I i .

planetary signal underneath (Grunblatt et al. 2015). We discuss the quasiperiodic kernel and other

simple GP kernels and the inferred physical meaning of their hyperparameters in Table 1.1.

Approximations to the covariance matrix used in GP analysis can vastly expand the speed of the

GP calculation, opening the door to a much wider range of potential kernel models. Approximating

the covariance matrix as a tridiagonal matrix allows us to treat stellar variability as a simple damped

harmonic oscillator (Foreman-Mackey et al. 2017). As stellar oscillations can be described as damped

harmonic oscillations, asteroseismic models can be generated from simple harmonic oscillator GP

regressions of oscillating star data. These models can then be combined with planet transit models

to simultaneously characterize stellar and planet parameters, and provide comparable transit depth

precision to the simpler kernel functions, as we demonstrate in Chapter 3. We use this asteroseismic

GP model to marginalize over stellar variability when measuring transit depths in Chapters 3 and

5.

The logarithm of the posterior likelihood of the GP regression is calculated as

log[L (r )] = �
1
2

r T � � 1r �
1
2

logj� j �
n
2

log(2� ); (1.9)

where r is the vector of residuals after removal of the (optional) mean function,� is the covariance

matrix, and n the number of data points. A prior term, L prior , can be added to the likelihood to

account for any priors placed on the hyperparameters. This likelihood calculation can be used to
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Figure 1.5 Radial velocity signal of Kepler-78 as a function of time, measured by Keck/HIRES (blue)
and TNG/HARPS-N (red). A quasiperiodic Gaussian process model has been used to describe both
datasets. By treating the quasiperiodic, longer-period stellar activity signal as a Gaussian process,
the signal can be removed to reveal the signal of Kepler-78b, a lava world in an 8-hour orbit, at
one-tenth the RV amplitude. Taken from Grunblatt et al. (2015).

identify the best �t GP hyperparameters. For a more complete description of Gaussian process

regression and posterior likelihood evaluation, see Rasmussen (2006).
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Chapter 2

K2-97b: A (Re-?)In
ated Planet Orbiting a Red

Giant Star

This chapter has been published previously in theAstronomical Journal (Grunblatt, S., Huber, D.,

Gaidos, E. et al, 2016, AJ 152, 185).

2.1 Introduction

The �rst measurements of the radius of a planet outside our solar system were reported by

Charbonneau et al. (2000) and Henry et al. (2000). These groundbreaking measurements also

revealed a mystery in exoplanet science: the planet radius was considerably larger than expected

from planet models (Burrows et al. 1997; Bodenheimer et al. 2001; Guillot & Showman 2002).

Further transit studies of giant planets in short period orbits revealed similarly enlarged planets

(Collier Cameron et al. 1999; Hebb et al. 2009). Although very young (< 10 Myr) planets are

expected to have large radii (> 1.2 RJ ) due to heat from formation, this cannot explain the dozens

of known planets with radii > 1.2 RJ orbiting several billion year old stars (Guillot & Gautier 2014).

Moreover, a correlation has been observed between incident stellar radiation and planetary radius

in
ation (Burrows et al. 2000; Laughlin et al. 2011; Lopez & Fortney 2016).

Several potential mechanisms for planet in
ation have been suggested (Bara�e et al. 2014), but

these mechanisms can generally be placed into two broad classes. In the �rst class,. 1% of the stellar

irradiance is deposited into the planet's interior, causing the planet to heat and expand (Batygin &

Stevenson 2010). In the second class, the planet retains its initial heat from formation and remains
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in
ated due to stalled contraction (Chabrier & Bara�e 2007; Wu & Lithwick 2013). A planet with

an orbital period of � 10-30 days would be too cool to be in
ated around a solar-type main sequence

star, but would experience irradiation > 500 times the 
ux on Earth for more than 100 Myr while its

host star evolves onto the red giant branch. Thus, the discovery of an in
ated planet in this period

range around an evolved star would indicate that in
ation is a response to high stellar irradiation,

whereas a population of exclusively non-in
ated gas giant planets would suggest that in
ation is

governed more strongly by delayed cooling (Lopez & Fortney 2016).

Searches for planets around evolved stars may also provide clues to understanding the occurrence

of planets around stars more massive than the Sun. Massive stars have been observed to produce

more giant planets than small stars (Johnson & Apps 2009; Gaidos et al. 2013), suggesting that these

stars have more planet-forming material than small stars (Andrews et al. 2013). However, the larger

radii of these stars make planet transit signals smaller. More importantly, the fast rotation and

relatively few absorption lines of main sequence, intermediate-mass (� 1.5 M� ) stars made planet

detection using radial velocities di�cult before the Kepler era. However, these F- and A-type stars

evolve into G- and K-type giants with deeper absorption lines and slower rotation rates, allowing

precise radial velocity measurement. Early radial velocity surveys to investigate planet occurrence

as a function of stellar mass included evolved stars (Johnson et al. 2007a), and indicated a strong

correlation between planet occurrence and stellar mass. However, this correlation is heavily debated,

as the short lives and intrinsic rarity of these stars result in systematic uncertainties on host star

masses derived from stellar models (Lloyd 2011; Schlaufman & Winn 2013; Lloyd 2013; Johnson

et al. 2013, 2014; Ghezzi & Johnson 2015).

To answer the questions of giant planet occurrence and in
ation, we have begun a search for

transiting planets orbiting giant stars with the NASA K2 Mission (Howell et al. 2014; Huber et al.

2015). By targeting low-luminosity red-giant branch (RGB) stars which oscillate with frequencies

detectable with K2's long-cadence data, stellar radius and mass can be precisely determined using

asteroseismology for stars around which giant planet transits are detectable. This precision is crucial

to investigate the mechanisms for planet in
ation and the dependence of planet occurrence on stellar

mass. Here, we present the discovery and characterization of the �rst planet from our survey.
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2.2 Observations

2.2.1 K2 Photometry

In the K2 extension to the NASA Kepler mission, multiple �elds along the ecliptic are observed

almost continuously for approximately 80 days (Howell et al. 2014). EPIC 211351816 (now known as

K2-97) was selected for observation as a part of K2 Guest Observer Proposal GO5089 (PI: Huber) and

observed in Campaign 5 of K2 during the �rst half of 2015. As theKepler telescope now has unstable

pointing due to the failure of two of its reaction wheels, it is necessary to correct for the pointing-

dependent error in the 
ux received per pixel. We produced a lightcurve by simultaneously �tting

thruster systematics, low frequency variability, and planet transits with a Levenberg-Marquardt

minimization algorithm, using a modi�ed version of the pipeline from Vanderburg et al. (2016).

We also analyzed the PDC-MAP light curve provided by the K2 Science O�ce (Stumpe et al.

2012; Smith et al. 2012) as well as the detrended lightcurves created with the methods of Vanderburg

et al. (2016), Petigura (2015), and Aigrain et al. (2016). The use of di�erent lightcurves resulted

in statistically signi�cant di�erences in the transit depth, illustrating the additional systematic

uncertainties introduced by lightcurve reductions (seex 5.1 for more details). However, the results

from all lightcurves analyzed were broadly consistent with the modi�ed Vanderburg et al. (2016)

results (see Discussion). Figure 5.5 shows our adopted lightcurve for K2-97.

2.2.2 Imaging with Keck/NIRC2 AO

Natural guide-star adaptive optics (AO) images of K2-97 were obtained through the broad K0 �lter

(� center = 2.124 � m) with the Near-Infrared Camera (NIRC2) at the Keck-2 telescope on Mauna

Kea during the nights of UT 19 March and 12 May 2016. The narrow camera (pixel scale 0.01")

was used for both sets of observations. No additional sources were detected within� 3" of the star.

The contrast ratio of the detection limit is more than 7 magnitudes at 0.5"; brighter objects could

be detected to within 0.15" of the star.

2.2.3 Spectroscopy with UH88/SNIFS, IRTF/SpeX, and Keck/HIRES

We obtained a high resolution, high signal-to-noise spectrum of K2-97 using the High Resolution

Echelle Spectrometer (HIRES) on the 10 meter Keck-I telescope at Mauna Kea Observatory on the
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Figure 2.1 Detrended K2 lightcurve of K2-97. This lightcurve was produced using a modi�ed method
of the pipeline presented in Vanderburg et al. (2016), where both instrument systematics and the
planet transit were modeled simultaneously to prevent transit dilution. The lightcurve has been
normalized as well as unity subtracted. Individual transits are visible by eye, and are denoted by
red �ducial marks.

Big Island of Hawaii. HIRES provides spectral resolution of roughly 100,000 in a wavelength range

of 0.3 to 1.0 microns (Vogt et al. 1994). We also obtained medium-resolution optical and infrared

spectra using the Supernova Integrated Field Spectrograph (SNIFS) on the 2.2 meter University of

Hawaii telescope and SpeX on the 3 meter Infrared Telescope Facility (IRTF), providing spectral

resolution of 1000{2000 over a wavelength range from 0.3 to 5.5 microns (Lantz et al. 2004; Rayner

et al. 2003).

We joined and 
ux calibrated the SNIFS and SpeX spectra following the method outlined in

Mann et al. (2015). We �rst downloaded photometry from the Two-Micron All-Sky Survey (2MASS,

Skrutskie et al. 2006), AAVSO All-Sky Photometric Survey (APASS, Henden et al. 2012), and The

Wide-�eld Infrared Survey Explorer (WISE, Wright et al. 2010). The spectrum and all photometry

were converted to physical 
uxes using the appropriate zero-points and �lter pro�les (Cohen et al.

2003; Jarrett et al. 2011; Mann & von Braun 2015). We scaled the optical and NIR spectra to match

the photometry and each other in overlapping regions (0.8-0.95� m), accounting for correlated errors

in the 
ux calibration. Regions of high telluric contamination or missing from our spectrum (e.g.,
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beyond 2.4� m) were replaced with a best-�t atmospheric model from the BT-SETTL grid (Allard

et al. 2011, 2013). The �nal calibrated and combined spectrum is shown in Figure 2.2.

Figure 2.2 Flux calibrated optical and NIR spectrum of EPIC 211351816. Photometry is shown in
red, with the horizontal error bars representing the e�ective width of the �lter. Synthetic photometry
derived from the spectrum is shown in blue. We replaced regions of high telluric absorption and
those outside the range of our empirical spectra with an atmospheric model, which we show in grey.
The spectrum and photometry shown here have not been corrected for reddening. The bottom panel
shows the residual (photometry-synthetic) in units of standard deviations.

2.2.4 Radial Velocity Measurements

Radial velocity measurements were obtained between January 27 and May 16, 2016 using the High

Resolution Echelle Spectrometer (HIRES) on the Keck-I Telescope at the Mauna Kea Observatory

in Hawaii and the Levy spectrometer on the Automated Planet Finder (APF) telescope at Lick

Observatory in California. The speci�c measurements are listed in Table 3.1. The nine spectra

observed were obtained using an iodine cell. Measurements with the Keck telescope achieved a

precision of greater than 1 m s� 1, whereas the APF measurements have measurement uncertainties

of � 30 m s� 1. We collected three measurements with Keck/HIRES and six with APF.

The Levy Spectrograph is a high-resolution slit-fed optical echelle spectrograph mounted at one

of the two Nasmyth foci of the APF designed speci�cally for the detection and characterization of
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Table 2.1. Radial Velocities

BJD-2440000 RV (m s � 1 ) Prec. (m s � 1 ) Tel./inst. used

17414.927751 14.84 0.68 Keck/HIRES
17422.855362 -17.18 0.72 Keck/HIRES
17439.964043 1.92 0.82 Keck/HIRES
17495.743272 -2 24 APF/Levy
17498.729824 -30 27 APF/Levy
17505.670536 -84 39 APF/Levy
17507.723056 27 30 APF/Levy
17524.687701 0 32 APF/Levy
17525.686520 67 30 APF/Levy

Note. | The precisions listed here are instrumental only, and do
not take into account the uncertainty introduced by stellar jitter. For
evolved stars, radial velocity jitter on relevant timescales is typically
� 5 m s � 1 (see text).

exoplanets (Burt et al. 2014; Fulton et al. 2015). Each spectrum covers a continuous wavelength

range from 3740 to 9700�A. We observed EPIC 211351816 using a 1.0" wide decker for an approximate

spectral resolution of R = 100,000. Starlight passed through a cell of gaseous iodine which serves as

a simultaneous calibration source for the instrumental PSF and wavelength reference. We measured

relative RVs using a Doppler pipeline descended from the iodine technique in Butler et al. (1996).

We forward-modeled 848 segments of each spectrum between 5000 and 6200�A. The model consists

of a stellar template spectrum, an ultra high-resolution Fourier transform spectrum of the iodine

absorption of the Levy cell, a spatially variable PSF, a wavelength solution, and RV. Traditionally,

a high signal-to-noise iodine-free observation of the same star is deconvolved with the instrumental

PSF and used as the stellar template in the forward modeling process. However, in this case

the star is too faint to collect the signal-to-noise needed for reliable deconvolution in a reasonable

amount of time on the APF. Instead, we simulated this observation by using the SpecMatch software

(Petigura 2015) to construct a synthetic template from the Coelho (2014) models and best-�t stellar

parameters.

2.3 Host Star Characteristics

2.3.1 Spectroscopic Analysis

In order to obtain precise values for the stellar parameters, we collected a moderate signal-to-noise

iodine-free observation using the HIRES spectrograph on the Keck I telescope (Vogt et al. 1994).
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We measured the e�ective temperature (Te� ), surface gravity (log g), iron abundance ([Fe=H]), and

rotational velocity of the star using the tools available in the SpecMatch software package (Petigura

2015). We �rst corrected the observed wavelengths to be in the observers rest frame by cross-

correlating a solar model with the observed spectrum. Then we �t for Te� , logg, [Fe=H], vsini ,

and the instrumental PSF using the underlying Bayesian di�erential-evolution Markov Chain Monte

Carlo machinery of ExoPy (Fulton et al. 2013). At each step in the MCMC chains, a synthetic

spectrum is created by interpolating the Coelho (2014) grid of stellar models for a set ofTe� ,

logg, and [Fe=H] values and solar alpha abundance. We convolved this synthetic spectrum with

a rotational plus macroturbulence broadening kernel using the prescriptions of Valenti & Fischer

(2005) and Hirano et al. (2011). Finally, we performed another convolution with a Gaussian kernel

to account for the instrumental PSF, and compared the synthetic spectrum with the observed

spectrum to assess the goodness of �t. The priors are uniform inTe� , logg, and [Fe=H] but we

assign a Gaussian prior to the instrumental PSF that encompasses the typical variability in the

PSF width caused by seeing changes and guiding errors. Five echelle orders of the spectrum were

�t separately and the resulting posterior distributions were combined before taking the median

values for each parameter. Parameter uncertainties were estimated as the scatter in spectroscopic

parameters given by SpecMatch relative to the values for 352 stars in the in Valenti & Fischer

(2005) sample and 76 stars in the Huber et al. (2013a) asteroseismic sample. Systematic trends in

SpecMatch values as a function ofTe� , logg, and [Fe=H] relative to these benchmark samples were

�t for and removed in the �nal quoted parameter values. Initial �ts to the stellar spectrum for Te� ,

logg, [Fe=H], and vsini were made without asteroseismic constraints, and were found to be in good

agreement with the asteroseismic quantities. A prior was applied to the value for logg based on the

asteroseismic estimate of 3.26� 0.015 (see Section 3.2), which resulted in convergence to the values

listed in Table 4.1.

2.3.2 Asteroseismology

Stellar oscillations are a powerful tool to determine precise fundamental properties of exoplanet host

stars (e.g Christensen-Dalsgaard et al. 2010; Gilliland et al. 2011; Huber et al. 2013a). The top panel

of Figure 3.3 shows the power spectrum calculated from the K2 data after removing the transits from

the light curve. We detect a strong power excess with regularly spaced peaks near� 220� Hz (75

minutes), typical for an oscillating low-luminosity red giant star.
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The power excess can be characterized by the frequency of maximum power (� max ) and the

average separation of modes with the same spherical degree and consecutive radial order (�� ). To

measure� max and � � we analyzed the K2SC lightcurve of this system (Aigrain et al. 2016) using

the method of Huber et al. (2009), which corrects the background granulation noise by �tting a

2-component Harvey model (Harvey 1985) in the frequency domain. The frequency of maximum

power was then measured from the peak of the heavily smoothed, background-corrected power

spectrum, and � � was measured using an autocorrelation of the power spectrum. We calculated

uncertainties using 1000 Monte Carlo simulations as described in Huber et al. (2011), yielding

� max = 223:7 � 5:4 � Hz and � � = 16:83� 0:17 � Hz.

The bottom panel of Figure 3.3 shows an �echelle diagram, which stacks radial orders on top

of each other, showing the asymptotic spacing of oscillation modes with the same spherical degree

l. The �echelle diagram of K2-97 shows the characteristic signature of nearly vertically aligned

quadrupole (l = 2) and radial ( l = 0) modes, while the dipole modes (l = 1) show a more complex

distribution due to the coupling of pressure modes with gravity mode in the core (known as mixed

modes, e.g. Dziembowski et al. 2001; Montalb�an et al. 2010; Bedding et al. 2010). The position of

the l = 0 ridge agrees with the expected value for a low-luminosity RGB star (Huber et al. 2010;

Corsaro et al. 2012).

To estimate stellar properties from � max and � � , we use the scaling relations of Brown et al.

(1991); Kjeldsen & Bedding (1995):

� �
� � �

� f � �

�
�

� �

� 0:5

; (2.1)
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� max ;�
�
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�
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Equations (1) and (2) can be rearranged to solve for mass and radius:
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Figure 2.3 Top panel: Power spectrum of the K2 time series centered on the frequency region with
detected oscillations. Bottom panel: Echelle diagram of the granulation background-corrected power
spectrum using � � = 16:83� Hz. Oscillation modes with l = 0 ; 2 (left) and l = 1 (right) are visible.
Note that dipole mode series is more complex due to the presence of mixed modes.
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Table 2.2. Stellar and Planetary Properties

Property Value Source

ID K2-97, EPIC 211351816, 2MASS 08310308+1050513 Huber et al. (2016)
Kepler Magnitude 12.409 Huber et al. (2016)

T eff 4790 � 90 K spectroscopy
V sin ( i ) 2.8 � 1.6 km s � 1 spectroscopy
[Fe/H] +0 :42 � 0.08 spectroscopy

Stellar Mass, M star 1.16 � 0.12 M � asteroseismology
Stellar Radius, R star 4.20 � 0.14 R � asteroseismology

Density, � � 0.0222 � 0.0004 g cm � 3 asteroseismology
log g 3.26 � 0.01 asteroseismology
Age 7.8 � 2 Gyr isochrones

Planet Radius, R p 1.31 � 0.11 R J asteroseismology, GP+transit model
Orbital Period Porb 8.4061 � 0.0015 days GP+transit model

Planet Mass, M p 1.10 � 0.11 M J asteroseismology, RV model

Our adopted solar reference values are� max ;� = 3090 � Hz and � � � = 135:1 � Hz (Huber et al.

2011), as well asTe� ;� = 5777 K.

Figure 2.4 Left: Two examples of transits in the EPIC 211351816 lightcurve. Detrended K2
observations of K2-97 are shown as black dots. The best �t transit model has been plotted in
red. The best-�t Gaussian process estimation to the residual lightcurve with transits subtracted is
shown in green. The best-�t combined transit + GP model is shown in blue, with 1 and 2 � errors
given by the blue contours. The calculation of the relevant values is described in Section 4.1. Top
Right: The lightcurve folded at the orbital period of the planet. The best �t transit model has been
overplotted in dark blue. Bottom right: The lightcurve folded at the orbital period of the planet,
after the best-�t GP model has been subtracted. The decrease in scatter is clearly visible.

Equations (1){(4) are not exact, particularly for stars that are signi�cantly more evolved than the

Sun. Empirical tests using interferometry and open clusters and individual frequency modeling have

illustrated that the relations typically hold to � 5% in radius and � 10% in mass. Comparisons to

model frequencies have also demonstrated that the �� scaling relation shows systematic deviations

of up to a few percent as a function ofTe� and [Fe=H] (White et al. 2011). We accounted for
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this through the correction factor f � � in Equations (1){(4), which we determined by iterating the

spectroscopicTe� and [Fe=H] as well as the asteroseismic mass and logg using the model grid by

Sharma et al. (2016). The converged correction factor wasf � � = 0 :994, and our �nal adopted values

for the stellar radius, mass, logg and density are listed in Table 4.1.

To estimate a stellar age, which cannot be derived from scaling relations alone, we used

evolutionary tracks from Bressan et al. (2012). Matching the asteroseismic radius to an isochrone

with the best-�t asteroseismic mass and [Fe=H] = +0 :42 dex from spectroscopy (see Table 3.3) yielded

� 7.8 � 2 Gyr. An independent analysis using the BAyesian STellar Algorithm (BASTA), which

is based a grid of BaSTI models and has been applied to model several dozen Kepler exoplanet

host stars (Silva Aguirre et al. 2015), yielded strongly consistent results. The stellar age can be

constrained more precisely by modeling individual asteroseismic frequencies, but such modeling is

beyond the scope of this paper.

A model-independent estimate of the distance was found using the bolometric 
ux of 3.579�

0.086 � 10� 13 W m � 2 (uncorrected for extinction) computed from the 
ux-calibrated spectrum ( x

2.3), the temperature from the high-resolution spectroscopic analysis (x 3.1), a reddening value of

E(B � V ) = 0.039 based on the maps of Schla
y & Finkbeiner (2011) and the extinction law of

Fitzpatrick (1999). The estimated distance is 763� 42 pc, placing the star 350 pc above the galactic

plane (b = 27 deg). The location well above the plane is consistent with the locations of other RGB

stars (Casagrande et al. 2016) and justi�es our use of the1 value for reddening.

2.4 Lightcurve Analysis and Planetary Parameters

2.4.1 Gaussian process transit model

The transit of K2-97b was �rst identi�ed by applying the box least-squares algorithm of Kov�acs

et al. (2002) to all targets in our K2 Campaign 5 program. The transits are su�ciently deep to

be spotted by eye (see Figure 5.5) and the combined signal to noise is greater than 20, well above

commonly adopted thresholds for signi�cant transit events. The transit event was also identi�ed in

the planet candidate paper of Pope et al. (2016).

Evolved stars show correlated stellar noise on timescales of hours to weeks due to stellar

granulation (Mathur et al. 2012), leading to signi�cant biases in transit parameter estimation (Carter

& Winn 2009; Barclay et al. 2015). To account for this, we used Gaussian process estimation,
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which has been successfully applied to remove correlated noise in transmission spectroscopy, Kepler

lightcurves, and radial velocity data in the past (Gibson et al. 2012; Dawson et al. 2014; Haywood

et al. 2014; Barclay et al. 2015; Grunblatt et al. 2015). This is accomplished by describing the

covariance of the time-series data as an N� N matrix � where

� ij = � 2
i � ij + k(t i ; t j ) (2.5)

where � i is the observational uncertainty, � ij is the Kronecker delta, and k(t i ; t j ) is the so-called

covariance kernel function that quanti�es the correlations between data points. The simplest and

most commonly used kernel function, the squared-exponential or radial basis function kernel, can

be expressed as

k(t i ; t j ) = h2exp
�

�
� t i � t j

�

� 2
�

(2.6)

where the covariance amplitudeh is measured in 
ux units and the length scale � is measured in

days (Rasmussen 2006). Previous transit studies have used the squared exponential kernel to remove

correlated noise without removing the transit signal (Barclay et al. 2015).

To analyze the lightcurves, initial parameter guesses are selected for the kernel function, and

then a likelihood of the residuals de�ned by the kernel function parameters is calculated, where

the residuals are equivalent to the lightcurve with a Mandel-Agol transit model subtracted from it

(Mandel & Agol 2002). The logarithm of the posterior likelihood of our model is given as

log[L (r )] = �
1
2

r T � � 1r �
1
2

logj� j �
n
2

log(2� ); (2.7)

where r is the vector of residuals of the data after removal of the mean function (in our case,r is

the lightcurve signal minus the transit model), and n the number of data points.

The GP kernel function and transit model parameters are then �t as free parameters via

Markov chain Monte Carlo (MCMC) exploration of parameter space using the Python software

package emcee(Foreman-Mackey et al. 2013). The emceepackage contains an A�ne-invariant

MCMC Ensemble sampler, which determines the maximum likelihood parameters through an

iterative exploration of parameter space. We draw the planet radius from this MCMC exploration

of parameter space, with 1-� error corresponding to 68% con�dence intervals in the MCMC

distributions of all free parameters. Along with the planet-to-star radius ratio, the impact parameter,
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Figure 2.5 Posterior distributions and correlations between all pairs of parameters in our lightcurve
MCMC model. Parameters include transit model parameters, squared exponential Gaussian process
kernel parameters, and a stellar jitter term. Posterior distributions for each individual parameter
are given along the diagonal. 2D contour plots show the correlations between individual parameter
pairs. Blue lines correspond to median values. Dotted lines correspond to mean values and standard
deviations from the mean. We �nd that our estimation of the transit depth is not strongly correlated
with the other parameters in our model.

period, and ephemeris of transit were �t simultaneously with the Gaussian process kernel parameters

and a photometric jitter term. Limb darkening parameters were �xed to the Claret & Bloemen

(2011) stellar atmosphere model grid values closest to the measured temperature, surface gravity,

and metallicity of the host star. Initial parameter values and priors were determined via a least
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Figure 2.6 Recovered star-to-planet ratios for the K2-97b event using lightcurves produced with �ve
di�erent detrending algorithms. We �nd that the K2SFF lightcurve created with the algorithm of
Vanderburg et al. (2016) produces the smallest planet to star ratios on average, while the NASA
PDC-MAP lightcurve produces a planet to star ratio considerably larger than the other detrending
algorithms. We choose the lightcurve where transits and instrumental e�ects were �t simultaneously
for subsequent analysis, as a transit injection/recovery test comparing this K2SFF+ method and
the standard K2SFF method revealed that transit depths were diluted by the standard K2SFF
detrending but retained by the simultaneous K2SFF detrending and transit �t method.

squares transit �t using ktransit (Barclay 2015). The results and priors for this simultaneous

parameter �tting are listed in Table 3.3 and parameter distributions are given in Figure 3.8.

To ensure our results were replicable, we performed a second MCMC analysis of the system using

additional model parameters using a method very similar to that applied to Kepler-91 by Barclay

et al. (2015). Mean stellar density, photometric zeropoint, two limb darkening parameters, radial

velocity zero point, two Gaussian process hyperparameters, time of mid-transit, orbital period,

impact parameter, the scaled planet radius, two eccentricity vectors (esin ! and ecos! ), radial

velocity semi-amplitude, secondary eclipse depth, amplitude of ellipsoidal variations, amplitude

of re
ected light from the planet, and two uncertainty parameters added in quadrature with the

reported uncertainties on radial velocity and photometric data were included in this secondary
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Table 2.3. Posterior Probabilities from Lightcurve and Radial Velocity MCMC Modeling

Parameter Median 84.1% 15.9 % Prior

� (g cm � 3 ) 0.020 +0.001 -0.001 N (0.02; 0.001)
T 0 (BKJD) 2309.072 +0.007 -0.007 U(1.3; 2.5)
Porb (days) 8.4062 +0.0015 -0.0015 U(8.3; 8.5)

b 0.933 +0.006 -0.007 U(0.0, 1.0 + R p =R � )
R p =R � 0.0311 +0.0013 -0.0015 U(0.0, 0.5)

K (m s � 1 ) 103 +8 -8
T 0; RV (BKJD) 2583.808 +0.007 -0.007 U(0.0, Porb )

ln f -3.8 +2.8 -3.9 U(-10, 10)
hGP (ppm) 157 +5 -5 U(exp(-12, 0))
� GP (days) 0.057 +0.005 -0.004 U(exp(-10, 10))
� GP (ppm) 189 +4 -4 U(exp(-20, 0))

Note. | N indicates a normal distribution with mean and standard
deviation given respectively. U indicates a uniform distribution between the
two given boundaries. Ephemerides were �t relative to the �rst measurement
in the sample and then later converted to Barycentric Kepler Julian Date
(BKJD). Transit limb darkening parameters 
 1 and 
 2 were �xed to 0.6505
and 0.1041, respectively.

model. The priors on these parameters were uniform except for a Gaussian prior based on the

asteroseismic value of the mean stellar density, priors that kept the two limb darkening parameters

physical (Burke 2008) plus Gaussian priors with means taken from Claret & Bloemen (2011) and a

standard deviation of 0.4, a prior of 1=eon the eccentricity to avoid biasing this value high (Eastman

et al. 2012) and an additional prior that took the form of a Beta function with parameters determined

by Van Eylen & Albrecht (2015). Additionally, we sampled the logarithm of the Gaussian process

hyperparameters, RV semi-amplitude, secondary eclipse depth, ellipsoidal variations, re
ected light,

and two uncertainty parameters. We ran the MCMC algorithm using 600 walkers and 20,000 steps

yielding 12 million samples. We found posteriors on the scaled planet radius of 0:0296+0 :0035
� 0:0024

and an impact parameter of 0.921+0 :023
� 0:032, strongly consistent with our earlier study. A secondary

eclipse, ellipsoidal variations and any re
ected light from the planet were not detected. We found

an eccentricity of a few percent, marginally inconsistent with zero.

2.4.2 Radial Velocity Analysis: Planetary Con�rmation and False

Positive Assessment

We modeled the APF and Keck radial velocity measurements of the planet with a Keplerian orbital

model. Assuming K2-97b would produce the dominant signal in the radial velocity measurements,

we assume a circular orbit for the planet and �t the data with a sinusoid with a period set to
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the orbital period obtained from the transit �tting. Using a Markov chain Monte Carlo method,

best-�t values were determined for the phase and amplitude of the radial velocity variations. We

applied a velocity shift of 23 m s� 1 to the APF measurements relative to the Keck measurements,

and additionally �t for a non-zero o�set to the resultant sinusoid to account for the di�erent RV

zero points of the two instruments. The mass of the planet was then estimated from the Doppler

amplitude. The best �t RV model and relative measurement values are shown in Figure 3.9. As

subgiant and giant stars are known to have an additional 4-6 m s� 1 of velocity scatter due to stellar

jitter (Johnson et al. 2007b), we adopted a value of 5 m s� 1 and add it to our measurement errors

in quadrature.

Figure 2.7 Radial velocity measurements of the system, phase-folded at the known orbital period.
The initial measurements obtained with Keck/HIRES are shown in blue and have errors which are
smaller than the markers in the plot. The remaining green measurements were taken with the Levy
spectrometer on the Automated Planet Finder telescope. The dashed gray curve corresponds to a
one-planet Keplerian orbit �t to the data. The best �t Keplerian orbital parameters were found
using emcee. A stellar jitter term of 5 m s � 1 was added in quadrature to make measurement errors
more robust.
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The Kepler pixels span 4" on the sky, and thus background eclipsing binaries (EBs) can often

cause false positive transit signals (Jenkins et al. 2010; Batalha et al. 2010; Everett et al. 2015).

In addition, the K2 lightcurve was constructed using an aperture that is 7 pixels or 28" across,

exacerbating the possibility of a false positive. As the maximum transit depth of an EB is 50%,

such a system would have to be at least as bright as Kepler magnitude (K P ) � 19 to mimic a

transit. To identify potential culprits, we searched the photometry database of the Sloan Digital

Sky Survey (Data Release 9) for sources within 30" of K2-97. We identi�ed only a single source

(SDSS J083104.13+105112.9) of interest. It has an estimatedK P = 19:05, yet is well outside the

photometric aperture and the small fraction of light scattered into the aperture by the Kepler point

response function ensures it could not have produced the transit signal. No sources were detected

in our Keck 2-NIRC 2 AO imaging down to K 0 = 15:5 � 18 (0.2-2"), corresponding toK P > 19 for

M dwarf stars that are the most likely components of faint background EBs.

To calculate a false positive probability for the background EB scenario, we followed the method

of Gaidos et al. (2016). This discrete (Monte Carlo) Bayesian calculation uses a synthetic population

generated by the TRILEGAL galactic stellar population model as priors (v. 1.6; Vanhollebeke

et al. 2009) for 10 square degrees at the location of K2-97 on the sky. Likelihoods are calculated

by imposing constraints on stellar density from the transit duration and orbital period, and on

brightness from the non-detections in the SDSS and NIRC2 images, requiring that the diluted eclipse

depth is at least equal to the transit depth. We found that the false positive probability for this

scenario is e�ectively zero, as no star from the simulated background population can simultaneously

satisfy the stellar magnitude and density constraints. Background stars are either too faint to

produce the transit or are ruled out by our high-resolution imaging, and the long transit duration

implies a stellar density that is too low for dwarf stars1. Low stellar density precludes a companion

dwarf EB as the source of the signal; evolved companions are ruled out by our AO imaging to within

0.2" and stellar counterparts within � 1 AU are ruled out by the absence of a drift in our radial

velocity data.

1Long transit durations can occur at the apoapsis of highly eccentric orbits, but such orbits would have been
circularized by the � 7 Gyr age of this system.
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2.5 Discussion

2.5.1 Is EPIC 211351816.01 In
ated?

We have described the discovery and characterization of a Jupiter-mass planet on an 8.4-day orbit

around a red giant branch star. This object joins a sample of only �ve other known transiting planets

hosted by highly evolved stars (Huber et al. 2013b; Lillo-Box et al. 2014; Barclay et al. 2015; Quinn

et al. 2015; Ciceri et al. 2015; Van Eylen et al. 2016). The high metallicity of the host star is also

characteristic of the close-in gas giant planet population, suggesting that this system may be simply

a successor to such \hot Jupiter" systems.

As the stellar radius of K2-97 has been determined to 3% precision through asteroseismology, the

dominant uncertainty in planet radius for this system comes from the transit depth. We compared

the star-to-planet radius ratio ( Rp=R� ) for this system using lightcurves produced by the PDC-

MAP pipeline (Stumpe et al. 2012; Smith et al. 2012), the K2 \self 
at �eld" (K2SFF) pipeline

(Vanderburg et al. 2016) as well as a modi�ed version of the Vanderburg et al. (2016) pipeline

which simultaneously �t thruster systematics, low frequency variability, and planet transits with

a Levenberg-Marquardt minimization algorithm, the K2SC pipeline (Aigrain et al. 2016), and the

TERRA pipeline (Petigura et al. 2013). We �nd that measured transit depths varies by over 30%

between the di�erent systematic detrending pipelines we tested. We plot the spread in recovered

star-to-planet radius ratios in Figure 2.6.

To investigate the di�erences in Rp=R� recovered from lightcurves produced from di�erent

pipelines, we injected transits modeled from those in the K2-97 system into lightcurves (with

systematics) of 50 stars classi�ed as low-luminosity red giants from our K2 Campaign 5 target

list. These lightcurves were then detrended using both the standard K2SFF method of Vanderburg

et al. (2016) as well as the modi�ed method which detrended instrumental noise and �t the planet

transit simultaneously (hereby referred to as K2SFF+). The transit depths in both sets of processed

lightcurves were then �t using a box least squares search (Kov�acs et al. 2002) and a Mandel-Agol

transit model (Mandel & Agol 2002; Barclay 2015). This transit injection/recovery test revealed

that the transit depth was retained with some scatter when both the transit and systematics were �t

simultaneously, but when the systematics were �t and removed with the nominal Vanderburg et al.

(2016) method, transit depths were reduced by 13% and the planet's radius was underestimated by

8% on average.
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We report results from the K2SFF+ lightcurve as it was demonstrated to preserve transit

depth through our transit injection/recovery tests, and its measured transit depth is strongly

consistent with transit depths measured from two independently detrended lightcurves. We add

an additional 5% error in planet radius to account for the uncertainty in transit �tting seen in the

injection/recovery tests. Current and future studies with injection/recovery tests similar to those

performed for Kepler (Petigura et al. 2013; Christiansen et al. 2015) will help resolve this discrepancy

between accuracy and precision in measuring transit depths with K2.

2.5.2 Planet In
ation Scenarios

Figure 2.8 Left: Surface gravity versus e�ective temperature for 1.0 (rightmost), 1.15, and 1.3
M � (leftmost) Parsec evolutionary tracks with [Fe=H] = 0.60, +0 :42, and 0.34 dex, respectively.
Note that the choice of mass and metallicity correspond to lower and upper bounds for the stellar
characteristics of K2-97. Blue, green, and red correspond to pre-main sequence, main sequence, and
red giant branch stages of stellar evolution. Right: Change in incident 
ux on K2-97b over time
for the models shown in the left panel. The current incident 
ux on the planet, assuming a stellar
radius constrained by asteroseismic measurement, is denoted by dark green. The point at which the
planet will be engulfed is denoted in orange, and tidally disrupted noted in yellow (seex5.3). The
gray dotted line corresponds to the in
ation threshold as cited by Lopez & Fortney (2016).

We can test planet in
ation mechanisms by examining the response of planets to increasing

irradiation as the host star leaves the main sequence. In particular, planets with orbital periods of

< 30 days will experience levels of irradiation comparable to typical hot Jupiters for more than 100

Myr. Following the nomenclature of Lopez & Fortney (2016), if the in
ation mechanism requires

direct heating and thus falls into Class I, the planet's radius should enter a re-in
ated state around
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Figure 2.9 Planet mass versus radius in units of Jupiter mass and radius for well characterized
planets with errors of less than 0.1 Jupiter radii and 0.2 Jupiter masses. The dotted line shows the
approximate threshold of planet in
ation, as given by Lopez & Fortney (2016). Color shows the
logarithm of the incident 
ux in units of Earth 
uxes. K2-97b is shown as the cloud of points near 1.25
RJ and 1.1 MJ , with 1- � errors shown by the teal contour. The color of points in the cloud correspond
to the incident 
ux K2-97b received on the main sequence, which is clearly uncharacteristic of the
known, well-characterized in
ated planets, suggestive of a non-in
ated past. The color of the contour
indicates its current incident 
ux. Planet characteristics have been taken from the Exoplanet Orbit
Database and the Exoplanet Data Explorer at exoplanets.org.

a post-main sequence star. However, if the in
ation mechanism falls into Class II, requiring delayed

cooling, there should be no e�ect on planet radius as a star enters the red giant phase, and re-in
ation

will not occur. K2-97b provides a valuable test for the re-in
ation hypothesis, as it is in
ated now

but orbits at a distance such that it may not have received irradiation above the in
ation threshold

for its entire existence.

To estimate the change in stellar irradiation over time, we use the Parsec evolutionary tracks

(Bressan et al. 2012) with the host star mass and metallicity derived inx3.2. Figure 3.11 shows an

HR diagram and incident 
ux evolution for models with masses of 1.0, 1.15 and 1.3 M� from the
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Figure 2.10 Steady-state cooling luminosity, or the power the planet must emit to retain its measured
radius, as a function of incident power, with radius anomaly, or the di�erence in radius between
measured and predicted planet size indicated in color. Predicted planet sizes have been calculated
assuming a planet of pure H/He using the models of Lopez & Fortney (2016). The �lled square
with solid error bars shows K2-97b at its current incident 
ux, whereas the open square with dashed
error bars show the planet at its main sequence incident 
ux. The current cooling luminosity of the
planet is characteristic of the in
ated planet population around main sequence stars, suggesting that
the physical mechanism in
ating this planet is the same. However, the planet would be in
ated to
an uncharacteristically high degree if it were to maintain its current radius around a main sequence
star. The planet seen nearest to this case on the plot is WASP-67b, a young, 0.47 MJ planet, whose
signi�cantly lower mass allows it to be more easily in
ated. In
ating the more massive K2-97b to
the same degree as WASP-67b should require an incident power higher than the K2-97b receives
now.

pre-main sequence to the tip of the red giant branch. We used metallicities of 0.6, 0.42 and 0.34

dex for the 1.0, 1.15 and 1.3 M� models, respectively, which results in overestimated limits given

that metal-poor stars are hotter than metal-rich stars for a �xed mass. We also denote an in
ation

threshold of 2 � 108 erg s� 1 cm� 2 (� 150 F� ) following Demory & Seager (2011) and Miller &

Fortney (2011), who note that this corresponds to an equilibrium temperature of 990 K assuming a

Bond albedo of 0.1, comparable to the temperature at which Ohmic heating may become important
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Figure 2.11 Planetary radius as a function of time, shown for various potential heating e�ciencies.
We assume the best-�t values for the stellar mass and the planetary mass and radius, and a planetary
composition of a H/He envelope surrounding a 20 M� core of heavier elements. The dotted line
corresponds to a scenario with no planetary heating. The inset shows the post-main sequence
evolution at a �ner time resolution. The measured planet radius is consistent with heating e�ciencies
of 0.1 to 0.5%, and inconsistent with the class II, delayed cooling scenario.

(Batygin et al. 2011). None of the 38 transiting giant planets with insolations below this threshold

known to date appear to be in
ated (Thorngren et al. 2015).

Figure 3.11 demonstrates that the incident 
ux of this planet may have been above the 150

F� threshold for in
ation throughout its main sequence life. However, it is also possible that the

planet experienced a 
ux below this threshold, depending on the exact mass and metallicity of the

star. To estimate the main-sequence incident 
ux level quantitatively, we performed Monte Carlo

simulations by interpolating the evolutionary tracks to randomly sampled values of stellar mass and

metallicity as measured for K2-97 and calculated the average incident 
ux on the main sequence.

The resulting distribution yielded an average main sequence 
ux of 170+140
� 60 F� . We also estimated

the incident 
ux evolution using a di�erent set of evolutionary tracks from the MIST database (Choi
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et al. 2016), which yielded consistent results. Our analysis demonstrates that EPIC 211351816.01

received a main-sequence incident 
ux which is close to the in
ation threshold, but lower than the

typical incident 
ux for planets with a comparable radius. This suggests that additional in
ation

occurred after the star evolved o� the main sequence.

We illustrate the current constraints on the mass and radius of K2-97b in Figure 2.9 relative to

other known, well-characterized giant planets. The dotted line denotes the empirical threshold for

planet in
ation put forth by Miller & Fortney (2011). Colors correspond to the incident 
uxes on

these planets, except in the case of K2-97b where we have also indicated the incident 
ux the planet

would have received on the main sequence to illustrate how uncharacteristic of the in
ated planet

population it would have been at that time.

Furthermore, the energetics of K2-97b indicate that if it was in
ated to its current radius while

its host star was on the main sequence, the planet would be an outlier within the in
ated planet

population, with internal heating over an order of magnitude higher than would be expected. We

illustrate this in Figure 2.10, where we plot the intrinsic cooling luminosity predicted by the models

of Lopez & Fortney (2016) against incident 
ux for the known in
ated planet population. The radius

anomaly, or di�erence in measured and predicted planet size, is indicated by color. The �lled square

corresponds to K2-97b today, showing clear agreement with the rest of the in
ated planet population

energetically. However, the open square with dashed error bars corresponds to the incident 
ux on

the planet when its host star was on the main sequence. The only planet energetically comparable

to this scenario is WASP-67b, a planet with less than half the mass around a young star (Hellier

et al. 2012). As lower mass planets are easier to in
ate, and young planets may still be in
ated

from their initial formation, it would be very surprising to �nd a Jupiter-mass, middle-aged planet

with similar energetic qualities. This, along with the empirical evidence for the energetic boundary

of in
ation of 2 � 108 erg s� 1 established by Miller & Fortney (2011), suggest that K2-97b was not

in
ated when its host star was on the main sequence.

Assuming that the in
ation of the planet was due to the deposition of 
ux into the planet

interior, we can use the model of Lopez & Fortney (2016) to estimate the heating e�ciency needed

to reproduce the current radius of K2-97b. Figure 3.12 shows the radius evolution of K2-97b as a

function of age, given a range of heating e�ciencies, a planetary structure of a H/He envelope with

a 20 M� core of heavier elements, and a 1.15 Msun, [Fe/H] = + 0.42 dex model for the star. The

scenario with no additional interior heating is shown by the dotted line. The planet is consistent
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with heating e�ciencies of � 0:3%, and inconsistent with a class II scenario with no additional

heating at late times. This suggests K2-97b may be the �rst re-in
ated planet discovered.

Further studies of giant planets around evolved stars will be necessary to con�rm this hypothesis.

Gas planets at a slightly larger orbital period (� 10{30 days) around a similar star would experience


uxes well below the empirical in
ation threshold during the main sequence and would thus provide

a clearer picture of the in
ation mechanism. Although planets in
ated by mechanisms more heavily

dependent on factors other than incident 
ux, such as metallicity, have not been observed around

main sequence stars, these factors could potentially delay contraction at orbital distances beyond

the nominal in
ation boundary, and thus we cannot completely rule out the possibility that such

e�ects may also be responsible for the in
ation of this planet (Chabrier & Bara�e 2007).

2.5.3 Planetary Engulfment

The expansion of a star in the red giant phase can extend to AU scales, eventually engul�ng any

short-period planets. We calculate that K2-97b will be engulfed when its host star reaches a radius

of � 18 R� . This provides a conservative upper limit for the remaining lifetime of the planet of � 200

Myr.

The scarcity of short-period planets orbiting giant stars has been suggested to be a result of

tidally-driven orbital decay (Schlaufman & Winn 2013). We can estimate the timescale of orbital

decay due to tides following the prescription of Schlaufman & Winn (2013):

t = 10 Gyr
Q� =k�

106

 
M �

M �

! 1=2 
M p

MJup

! � 1

�
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! � 5 
a

0:06AU

! � 13=2

(2.8)

Here, Q� is the tidal quality factor of the star, and k� its tidal Love number. These values are

highly uncertain, but making the usual assumption of Q� =k� = 106 (Schlaufman & Winn 2013) the

decay time is � 60 Myr. If, however, Q� =k� = 102, as Schlaufman & Winn (2013) suggest may be

the case for sub-giant stars, thent � 6,000 yr. This indicates that such a low value forQ� =k� is

implausible. Consequently, the discovery of K2-97b along with other planets around evolved such as

K2-39b (Van Eylen et al. 2016) and Kepler-91b (Barclay et al. 2015) suggests that observation bias

may contribute to the relative paucity of planets detected on short-period orbits around giant stars.
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2.6 Conclusions

We report the discovery of a transiting planet with R = 1.31 � 0.11 RJ and M = 1.10 � 0.11 MJ

around the low luminosity giant star K2-97. We use a Gaussian process to estimate the correlated

noise in the lightcurve to quantify and remove potential correlations between planetary and noise

properties. We also tested �ve di�erent lightcurves produced by independent systematic detrending

methods to account for inconsistencies in the treatment of K2 data and derive an accurate transit

depth and planet radius. We performed an iterative spectroscopic and asteroseismic study of the

host star EPIC 211351816 to precisely determine its stellar parameters and evolutionary history.

We determine that, assuming a stable planetary orbit for the range of acceptable stellar

parameters, K2-97b requires approximately 0.3% of the current incident stellar 
ux to be deposited

into the planet's deep convective interior to explain its radius. The measured planet radius is

inconsistent with most in
ation scenarios without current heating of the planet's interior. This

suggests planet in
ation may be a direct response to stellar irradiation rather than an e�ect of

delayed planet cooling after formation, and K2-97b is a strong candidate for the �rst known re-

in
ated planet.

Further studies of planets around evolved stars are essential to con�rm the planet re-in
ation

hypothesis. Planets may be in
ated beyond the nominal in
ation regime by methods that are more

strongly dependent on other factors, such as atmospheric metallicity, than incident 
ux. An in
ated

planet observed around a giant star with an orbital period of � 20 days would have been outside

the in
ated planet regime when its host star was on the main sequence, and thus �nding such a

planet could provide more insight into the re-in
ation hypothesis. Using a Gaussian process to

characterize stellar noise seen in the lightcurve may allow for the discovery of smaller planets than

previously possible around giant stars. Other Gaussian process kernels, or �tting additional transit

parameters such as limb darkening coe�cients, could provide additional insight. Further study on

this particular system, such as a more detailed asteroseismic analysis to determine a more precise

age, will provide deeper insight into the evolutionary history of this system and the in
ation history

of hot Jupiters as a whole. This discovery also motivates new theoretical work exploring exactly how

di�erent in
ationary heating mechanisms respond to post main sequence changes in irradiation.
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Chapter 3

Seeing double with K2: Testing Re-in
ation with

Two Remarkably Similar Planets Around Red

Giant Branch Stars

This chapter has been previously published in theAstronomical Journal (Grunblatt, S., Huber, D.,

Gaidos, E. et al, 2017, AJ 154, 254).

3.1 Introduction

Since the �rst measurement of planet radii outside our solar system (Charbonneau et al. 2000; Henry

et al. 2000), it has been known that gas giant planets with equilibrium temperatures greater than

1000 K tend to have radii larger than model predictions (Burrows et al. 1997; Bodenheimer et al.

2001; Guillot & Showman 2002). Moreover, a correlation has been observed between incident stellar

radiation and planetary radius in
ation (Burrows et al. 2000; Laughlin et al. 2011; Lopez & Fortney

2016). The diversity of mechanisms proposed to explain the in
ation of giant planets (Bara�e

et al. 2014) can be split into two general classes: mechanisms where stellar irradiation is deposited

directly into the planet's deep interior, driving adiabatic heating of the planet and thus in
ating its

radius (Class I; e.g., Bodenheimer et al. 2001; Batygin & Stevenson 2010; Ginzburg & Sari 2016),

and mechanisms where no energy is deposited into the deep planetary interior and the in
ationary

mechanism simply acts to slow the radiative cooling of the planet's atmosphere, preventing it from

losing its initial heat and thus radius in
ation from its formation (Class II; e.g., Burrows et al. 2000;
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Chabrier & Bara�e 2007; Wu & Lithwick 2013). These mechanism classes can be distinguished by

measuring the radii of planets that have recently experienced a large changes in irradiation, such as

planets orbiting red giant stars at 10-30 day orbital periods (Lopez & Fortney 2016). To quantify the

distinction between mechanism classes, we require that planets (1) approach or cross the empirical

planet in
ation threshold of 2 � 108 erg s� 1 cm� 2 (� 150 F� Demory & Seager 2011)) after reaching

the zero age main sequence, and (2) experience a change in incident 
ux large enough that the planet

radius would increase signi�cantly, assuming it followed the trend between incident 
ux and planet

radius found by Laughlin et al. (2011). If such planets are currently in
ated, heat from irradiation

must have been deposited directly into the planet interior, indicating that Class I mechanisms must

be at play, whereas if these planets are not in
ated, no energy has been transferred from the planet

surface into its deep interior, and thus Class II mechanisms are favored. By constraining the e�ciency

of heat transfer to in
ated planets orbiting evolved host stars, we can distinguish the e�ciency of

these two classes of in
ation mechanisms (Ginzburg & Sari 2016; Lopez & Fortney 2016).

To constrain the properties of giant planet in
ation, we search for transiting giant planets

orbiting low-luminosity red giant branch (LLRGB) stars with the NASA K2 Mission (Howell et al.

2014; Huber 2016). These stars are large enough that we can detect their oscillations to perform

asteroseismology but small enough that gas giant planet transits are still detectable inK2 long-

cadence data. Close-in planets in these systems have experienced signi�cant changes in irradiation

over time. The �rst planet discovered by our survey, K2-97b, was published by Grunblatt et al.

(2016, hereafter referred to as G16). Using a combination of asteroseismology, transit analysis, and

radial velocity measurements, G16 measured the mass and radius of this planet to be 1.10� 0.12 MJ

and 1.31� 0.11 RJ , respectively. This implied a direct heating e�ciency of 0.1%{0.5%, suggesting

that the planet radius was directly in
uenced by the increase in irradiation caused by the host-star

evolution.

Here, we present additional radial velocity data that revise the mass of K2-97 to 0.48� 0.07 MJ ,

as well as the discovery of the second planet in our survey, K2-132b, with a radius of 1.30� 0.07 RJ

and mass of 0.49� 0.06 MJ . These planets currently receive incident 
uxes between 700 and 1100

F� , but previously received 
uxes between 100 and 350 F� when the host stars were on the main

sequence. Quantifying the incident 
ux evolution of these systems allows us to estimate the planetary

heating e�ciency and distinguish between planetary in
ation mechanisms.
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3.2 Observations

3.2.1 K2 Photometry

In the K2 extension to the NASA Kepler mission, multiple �elds along the ecliptic are observed

almost continuously for approximately 80 days (Howell et al. 2014). EPIC 211351816 (now known

as K2-97; G16) was selected for observation as a part ofK2 Guest Observer Proposal GO5089 (PI:

Huber) and observed in Campaign 5 ofK2 during the �rst half of 2015. EPIC 228754001 (now known

as K2-132) was selected and observed in Campaign 10 ofK2 as part of K2 Guest Observer Proposal

GO10036 (PI: Huber) in the second half of 2016. As theKepler telescope now has unstable pointing

due to the failure of two of its reaction wheels, it is necessary to correct for the pointing-dependent

error in the 
ux received per pixel. We produced a lightcurve by simultaneously �tting thruster

systematics, low frequency variability, and planet transits with a Levenberg-Marquardt minimization

algorithm, using a modi�ed version of the pipeline from Vanderburg et al. (2016). These lightcurves

were then normalized and smoothed with a 75 hr median �lter, and points deviating from the mean

by more than 5� were removed. By performing a box least-squares transit search for transits with

5- to 40-day orbital periods and 3{30 hr transit durations on these lightcurves using the algorithm

of Kov�acs et al. (2002), we identi�ed transits of � 500 and � 1000 ppm, respectively. Using the

techniques of G16 and those described inx4.1, we determined the transits came from an object

which was planetary in nature. Figure 5.5 shows our adopted lightcurves for K2-97 and K2-132.

3.2.2 Imaging with Keck/NIRC2 AO

To check for potential blended background stars, we obtained natural guide-star adaptive optics

(AO) images of K2-132 through the broad K 0 �lter ( � center = 2.124 � m) with the Near-Infrared

Camera (NIRC2) at the Keck-2 telescope on Maunakea during the night of UT 25 January 2017.

The narrow camera (pixel scale 0.01") was used for all sets of observations. No additional sources

were detected within � 3" of the star. The contrast ratio of the detection limit is more than 7

magnitudes at 0.5"; brighter objects could be detected to within 0.15" of the star. These data

were collected to quantify the possibility of potential false positive scenarios in these systems, and

the relevant analysis is described inx4.2. Previous analysis by G16 of NIRC2 AO images of K2-97

reached e�ectively identical conclusions.
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Figure 3.1 Detrended K2 lightcurves of K2-97 (bottom) and K2-132 (top). These lightcurves were
produced using a modi�ed method of the pipeline presented in Vanderburg et al. (2016), where
both instrument systematics and the planet transit were modeled simultaneously to prevent transit
dilution. The lightcurve has been normalized and median �ltered as well as unity subtracted.
Individual transits are visible by eye, and are denoted by red �ducial marks.

Images were processed using a custom Python pipeline that linearized, dark-subtracted, 
attened,

sky-subtracted, and co-added the images (Metchev & Hillenbrand 2009). A cutout� 3.0" across,

centered on the star, was made and inserted back into the processed image as a simulated companion.

A contrast curve was generated by decreasing the brightness and angular separation of the simulated

companion with respect to the primary, until the limits of detection (3.0 � ) were reached. Figure 3.2

plots the contrast ratio for detection as a function of distance from the source K2-132.

3.2.3 High-Resolution Spectroscopy and Radial Velocity Measurements

with Keck/HIRES

We obtained a high-resolution, high signal-to-noise spectrum of K2-97 and K2-132 using the

High Resolution Echelle Spectrometer (HIRES) on the 10 meter Keck-I telescope at Mauna Kea

Observatory on the Big Island of Hawaii. HIRES provides spectral resolution of roughly 65,000 in
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Figure 3.2 Contrast in di�erential K 0 magnitude as a function of angular separation from K2-132.
No companions were detected within 3" of the source. G16 found e�ectively identical results for
K2-97.

a wavelength range of 4500 to 6200�A (Vogt et al. 1994), and has been used to both characterize

over 1000Kepler planet host stars (Petigura et al. 2017) as well as con�rm and provide precise

parameters of over 2000Kepler planets (Fulton et al. 2017; Johnson et al. 2017). Our spectra were

analyzed using the software package SpecMatch (Petigura 2015) following the procedure outlined in

G16.

Radial velocity (RV) measurements were obtained between January 27, 2016 and April 10, 2017

using the High Resolution Echelle Spectrometer (HIRES) on the Keck-I Telescope at the Mauna Kea

Observatory in Hawaii. Individual measurements are listed in Table 3.1 and shown in Figure 3.9.

All RV spectra were obtained through an iodine gas cell. We collected three measurements of K2-97

with Keck/HIRES in 2016, and seven additional measurements in 2017. All eleven measurements
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Table 3.1. Radial Velocities

Star BJD-2440000 RV (m s � 1 ) Prec. (m s � 1 )

K2-97 17414.927751 -4.91 1.79
K2-97 17422.855362 -38.94 1.72
K2-97 17439.964043 -17.95 2.22
K2-97 17774.905553 -44.03 1.85
K2-97 17790.840786 -50.74 1.77
K2-97 17802.819367 7.96 1.76
K2-97 17803.836621 38.90 1.64
K2-97 17830.802784 32.84 1.77
K2-97 17853.790069 23.05 1.78
K2-97 17854.774479 46.68 1.85

K2-132 17748.099507 -30.32 1.95
K2-132 17764.115738 25.80 1.66
K2-132 17766.139232 -40.85 1.96
K2-132 17776.065142 -26.91 1.54
K2-132 17789.093812 26.09 1.74
K2-132 17790.091515 45.40 1.68
K2-132 17791.071462 46.31 1.85
K2-132 17794.992775 -22.43 1.88
K2-132 17803.927316 -37.99 1.91
K2-132 17830.066681 -34.92 1.83
K2-132 17854.937650 50.42 1.78

Note. | The precisions listed here are instrumental only,
and do not take into account the uncertainty introduced by
stellar jitter. For moderately evolved stars like K2-97 and
K2-132, radial velocity jitter on relevant timescales can reach
& 10 m s � 1 (see G16 and x4.2 for more details).

of K2-132 were taken between December 2016 and April 2017. Fits to the radial velocity data were

made using the publicly available software packageRadVel (Fulton & Petigura 2017) and con�rmed

through independent analysis presented inx4.2. We adopted the same method for radial velocity

analysis as described in G16 (Butler et al. 1996).

3.3 Host Star Characteristics

3.3.1 Spectroscopic Analysis

In order to obtain precise values for the e�ective temperature and metallicity of the star, we used

the software package SpecMatch (Petigura 2015) and adopted the spectroscopic analysis method

described in G16 for both stars. SpecMatch searches a grid of synthetic model spectra from Coelho

et al. (2005) to �nd the best-�t values for Te� , logg, [Fe=H], mass and radius of the star. We report

the e�ective temperature Te� and metallicity [Fe=H] from the SpecMatch analysis here. We also

note that the log gspec = 3 :19� 0:07 value from the spectroscopic analysis is fully consistent with the
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Figure 3.3 Power density of K2-132 (top) and K2-97 (bottom) estimated from K2 lightcurves,
centered on the frequency range where stellar oscillations can be detected for low luminosity red
giant branch (LLRGB) stars. In both cases, stellar oscillations are clearly visible. Note that the
power excess of K2-132 does not display a typical Gaussian solar-like oscillation pro�le due to its
proximity to the K2 long-cadence Nyquist frequency (283� Hz).

asteroseismic determination of loggAS = 3 :26 � 0:008 (see next Section for details), so no iteration

was needed to recalculateTe� and metallicity once asteroseismic parameters had been determined.

3.3.2 Asteroseismology

Stellar oscillations are stochastically excited and damped at characteristic frequencies due to

turbulence from convection in the outer layers of the star. The characteristic oscillation timescales

or frequencies are determined by the internal structure of the star. By measuring the peak frequency

of power excess (� max ) and frequency spacing between individual radial orders of oscillation (�� ),

the stellar mass, radius, and density can all be determined to 10% precision or better.

Similar to G16, we employed asteroseismology usingK2 long-cadence data by measuring stellar

oscillation frequencies to determine precise fundamental properties of the evolved host star K2-132.

Figure 3.3 compares the power spectra of K2-97 and K2-132. Compared to the power excess of
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K2-97 near � 220� Hz (75 minutes), K2-132 oscillates with higher frequencies near� 250� Hz (65

minutes), indicative of a smaller, less evolved RGB star.

Figure 3.3 also shows that the power excess of K2-132 is less broad and triangular than K2-97.

This is most likely due to the proximity of the power excess to the long-cadence Nyquist frequency

(283.24 � Hz), causing an attenuation of the oscillation amplitude due to aliasing e�ects. The

proximity to the Nyquist frequency also implies that the real power excess could lie either below

or above the Nyquist frequency (Chaplin et al. 2014; Yu et al. 2016). To discern between these

scenarios, we applied the method of Yu et al. (2016) to distinguish the real power excess from its

aliased counterpart. Based on the power-law relation determined by Yu et al. (2016), �� = 0.262 �

0.770� max , as well as a consistent measurement of �� = 18.46 � 0.26 � Hz both above and below the

Nyquist frequency, we �nd � max = 245.65 � 3.51� Hz, suggesting the true oscillations lie below the

Nyquist frequency. To validate this conclusion, we also constructed the global oscillation pattern

via the "-� � relation (Stello et al. 2016) for the given � � value and found the power excess below

the Nyquist frequency demonstrates the expected frequency phase shift" and matches the expected

frequency pattern more precisely. The collapsed �echelle diagram generated from the Huber et al.

(2009) pipeline indicates the total power of the l = 2 modes is smaller than that for the l = 0

modes, which also suggests the real power excess is below the Nyquist frequency (Yu et al. 2016).

Independent asteroseismic analyses using both a separate pipeline for asteroseismic value estimation

as well as using lightcurves detrended using di�erent methods recovered asteroseismic parameters

in good agreement with the values shown here (North et al. 2017). In addition, the asteroseismic

analyses of G16 also strongly agree with our results for K2-97.

To estimate stellar properties from � max and � � , we use the asteroseismic scaling relations of

Brown et al. (1991); Kjeldsen & Bedding (1995):

� �
� � �

� f � �

�
�

� �

� 0:5

; (3.1)

� max

� max ;�
�

g
g�

�
Te�

Te� ;�

� � 0:5

: (3.2)

Equations (1) and (2) can be rearranged to solve for mass and radius:
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Table 3.2. Stellar and Planetary Properties for K2-97 and K2-132

Property K2-97 K2-132 Source

Kepler Magnitude 12.41 11.65 Huber et al. (2016)
Temperature T eff 4790 � 90 K 4840 � 90 K spectroscopy
Metallicity [Fe/H] +0 :42 � 0.08 -0.01 � 0.08 spectroscopy

Stellar Mass, M star 1.16 � 0.12 M � 1.08 � 0.08 M � asteroseismology
Stellar Radius, R star 4.20 � 0.14 R � 3.85 � 0.13 R � asteroseismology

Density, � � 0.0222 � 0.0004 g cm � 3 0.0264 � 0.0008 g cm � 3 asteroseismology
log g 3.26 � 0.01 3.297 � 0.007 asteroseismology
Age 7.6 +5 : 5

� 2 : 3 Gyr 8.5 +4 : 5
� 2 : 8 Gyr isochrones

Planet Radius, R p 1.31 � 0.11 R J 1.30 � 0.07 R J GP+transit model
Orbital Period Porb 8.4061 � 0.0015 days 9.1751 � 0.0025 days GP+transit model

Planet Mass, M p 0.48 � 0.07 M J 0.49 � 0.06 M J RV model

Note. | All values for the K2-97 system have been taken from G16, with the exception of the system
age, which was recalculated for this publication. See x5.1 for a discussion of the system age calculations.

M
M �

�
�

� max

� max ;�

� 3 �
� �

f � � � � �

� � 4 �
Te�

Te� ;�

� 1:5

(3.3)

R
R�

�
�

� max

� max ;�

� �
� �

f � � � � �

� � 2 �
Te�

Te� ;�

� 0:5

: (3.4)

Our adopted solar reference values are� max ;� = 3090 � Hz and � � � = 135:1 � Hz (Huber et al.

2011a), as well asTe� ;� = 5777 K.

It has been shown that asteroseismically-determined masses are systematically larger than masses

determined using other methods, particularly for the most evolved stars (Sharma et al. 2016). To

address this, we also adopt a correction factor off � � = 0 :994 for K2-97 from G16 and calculate a

correction factor f � � = 0 :998 for K2-132 following the procedure of Sharma et al. (2016). Our �nal

adopted values for the stellar radius, mass, logg and densities of K2-97 and K2-132 are calculated

using these modi�ed asteroseismic scaling relations, and are listed in Table 4.1.

3.4 Lightcurve Analysis and Planetary Parameters

3.4.1 Gaussian process transit models

The transits of K2-97b and K2-132.01 were �rst identi�ed using the box least-squares procedure

described in G16 andx2.1 (Kov�acs et al. 2002). The detrended lightcurves, phase folded at the
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Figure 3.4 DetrendedK2 lightcurves of K2-132 (top) and K2-97 (bottom), folded at the observed
transit period. Preliminary transit �t parameters were established through a box least squares search
(Kov�acs et al. 2002); our �nal pure transit models (Mandel & Agol 2002) are shown as solid lines.

period detected by the box least-squares search and �t with best-�t transit models, are shown in

Figure 3.4.

Evolved stars display correlated stellar variation on timescales of hours to weeks due to stellar

granulation and oscillation (Mathur et al. 2012), leading to systematic errors in transit parameter

estimation (Carter & Winn 2009; Barclay et al. 2015). Thus, a stochastically-driven and damped

simple harmonic oscillator can be used to both describe the stellar oscillation and granulation noise

in a lightcurve as well as characterize the fundamental physical properties of the star.

In G16, we used a squared exponential Gaussian process estimation model to remove stellar

variability in the K2 lightcurve and measure the transit depth of K2-97b precisely. Here, we

used a Gaussian process estimation kernel that assumes stellar variability can be described by a

stochastically-driven damped simple harmonic oscillator, modi�ed from the method of G16. We

also present results using the previously tested squared exponential Gaussian process kernel, which

has been successfully applied to remove correlated noise in various one dimensional datasets in the
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Figure 3.5 Illustration of a transit in the K2-132 lightcurve. The best-�t transit model is shown in
red. A combined best-�t transit + squared exponential Gaussian process (SE GP) model is shown in
orange, with 1-� model uncertainties shown by the orange shaded region. A combined best-�t transit
+ simple harmonic oscillator Gaussian process (SHO GP) model is shown with 1-� uncertainties
in blue. In addition to having a smaller uncertainties than the SE GP model, the SHO GP model
also captures variations on di�erent timescales more accurately, and is physically motivated by the
oscillation signal of the star.

past (Gibson et al. 2012; Dawson et al. 2014; Haywood et al. 2014; Barclay et al. 2015; Grunblatt

et al. 2015, 2016).

We describe the covariance of the time-series data as an N� N matrix � where

� ij = � 2
i � ij + k(� ij ) (3.5)

where � i is the observational uncertainty, � ij is the Kronecker delta, and k(� ij ) is the so-called

covariance kernel function that quanti�es the correlations between timest i and t j (Rasmussen 2006).

Following Foreman-Mackey et al. (2017), the kernel function we use can be expressed as

k(� ij ) =
NX

n =1

[an exp(� cn � ij )cos(dn � ij ) + bn exp(� cn � ij )cos(dn � ij )] (3.6)
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Figure 3.6 The power spectrum of the K2-132 lightcurve (gray) overlaid with the simple harmonic
oscillator Gaussian process model (solid blue line). Uncertainties in the model are given by the blue
contours. The individual component terms of the Gaussian process model are shown by dotted lines.
The two low Q components account for the granulation noise signal at low frequencies. The highQ
component traces the envelope of stellar oscillation signal and allows us to estimate the frequency
of maximum power of the stellar oscillations, and thus determine� max from the time domain.

where an , bn , cn and dn are a set of constants that de�ne the nth term in our kernel function.

We then rede�ne these constantsan , bn , cn and dn as simple harmonic oscillator componentsQn ,

! 0;n and S0;n such that

k(� ij ) = S0! 0Qe�
! 0 � ij

2Q �

8
>>>>>><

>>>>>>:

cosh(�! 0� ij ) + 1
2�Q sinh(�! 0� ij ); 0 < Q < 1=2

2(1 + ! 0� ij ); Q = 1=2

cos(�! 0� ij ) + 1
2�Q sin(�! 0� ij ); 1=2 < Q;

(3.7)

where Qn represents the quality factor or damping coe�cient of the nth simple harmonic oscillator,

! 0;n represents the resonant frequency of thenth simple harmonic oscillator, S0;n is proportional

to the power at ! = ! 0;n , and � =
p

1 � (4Q2) � 1. We �nd that we can describe the stellar

variability seen in our data as a sum of three simple harmonic oscillator components, similar to
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Figure 3.7 Posterior distributions of planet radius based on our stellar parameters derived from
asteroseismology and transit depth measured in our transit + squared exponential Gaussian process
model (SE GP model, orange) and our transit + simple harmonic oscillator Gaussian process model
(SHO GP model, blue) for K2-132.01. Parameters di�er between the two models, but both provide
estimates ofRp=R� which can be converted into planet radius and directly compared. We �nd that
our squared exponential (SE) GP model strongly agrees with our simple harmonic oscillator (SHO)
GP model.

many asteroseismic models used to describe stellar oscillations (eg., Huber et al. 2009). This allows

us to create a physically motivated model of stellar variability from which we can produce rigorous

probabilistic measurements of asteroseismic quantities using only time domain information.

Our simple harmonic oscillator Gaussian process model consists of three main components: two

Q = 1=
p

2 terms, which are commonly used to model granulation in asteroseismic analyses (Harvey

1985; Huber et al. 2009; Kallinger et al. 2014), and oneQ � 1 term, which has been shown to

describe stellar oscillations e�ectively (Foreman-Mackey et al. 2017), to describe the envelope of

stellar oscillation signal. The resonant frequency! 0 of this component of is thus an independent

estimate of � max , and we compare our asteroseismic� max measurement made from analysis in the

frequency domain to the� max we generate here through a pure time domain analysis. We �nd good

agreement between our independent estimates of� max for K2-132 using both traditional asteroseismic
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Figure 3.8 Posterior distributions for the complete transit + GP model of K2-132. The �rst 8
parameters are part of the GP model, whereas the last 4 are components of the transit model.
Individual parameter posterior distributions are shown along the diagonal, while correlations between
two parameters are shown as the o�-diagonal, two-dimensional distributions. Median values are
indicated by the blue lines; dotted lines indicate 1-� uncertainties. Priors are discussed in further
detail within the text.

analysis methods (� max = 245.65 � 3.51 � Hz) and our simple harmonic oscillator Gaussian process

model estimate (� max ;GP = 241.8 � 1.9 � Hz).

Following the procedure of G16, we incorporate a transit model with initial parameters

determined by the box least-squares analysis as the mean function from which residuals and the
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