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Abstract

Understandingleplers Super-Earths and Sub-Neptunes: Insights from Thermal

Evolution and Photo-Evaporation

by

Eric David Lopez

Extrasolar planet surveys have identified an abundant n@alation of highly irra-
diated planets with sizes that are in between that of thenEartl Neptune. Such planets are
unlike anything found in our own Solar System, and many oif thasic properties are not un-
derstood. As such, these planets provide a fundamentdbtaabdels of planets formation and
evolution with important implications for the formation thfe Earth and planet habitability.

In order to understand these new classes of planets, we lewadoged planetary
structure and evolution models that can be used both to amgvestions about individual plan-
etary systems and to study populations of planets as a wholerief, these models allow us
to follow a planet’s mass, size, internal structure, and pasition as it ages; from the time it
finishes formation until it is detected billions of yearsglat

These evolution models are critical because a planet’s ositign can change sub-
stantially over its lifetime. Close-in planets, like mogtthose found so far, are bombarded
by large amounts of ionizing radiation, which over time campletely strip away a planet’s
atmosphere; even turning a gas-rich Neptune sized plateeaibarren rocky super-Earth.

Using these models, we explore the structure, compositon, evolution of sub-
Neptune sized extrasolar planets found by NAS#&pler mission. We examine the relation-

XV



ships between planetary masses, radii, and compositiores shav how these compositions
have been sculpted by photo-evaporation, and we examinattérplay between thermal and

evaporative evolution.
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Chapter 1

Introduction

Astronomy is currently in the midst of a revolution. For tlsamds of years philoso-
phers and writers have speculated about the possibilityisthmt worlds orbiting other stars;
and yet just twenty-five years ago, science did not know ohglsiplanet outside of the Solar
System. Since the first few discoveries, we have now founastirh500 confirmed extrasolar
planets (Wrightet al,, 2011). Now we know that planets are ubiquitous and there Ibeags
many planets as there are stars in our galaxy (Cassah 2012; Swiftet al.,, 2013).

In particular, NASA'sKepler mission has discovered almost a thousand extrasolar
planets and over 3,800 planet candidates to date. In jusashéive years, th&epler mission
discovered the first rocky extrasolar planet (Batadhal., 2011), the first potentially habitable
extrasolar planet (Boruclet al., 2013), the first sub-Mercury sized planet (Barodal.,, 2013),
and the first circumbinary planet (Doykd al., 2011). Figure 1.1, shows the radii and semi-
major axes of all confirmed planets, color-coded by the datbkeir discovery. This highlights

the enormous contribution made by tepler mission; more than half of the known planets,



and nearly all those smaller than Neptune have been fourkepier.

For the first time we have a robust determination of the nedabundance of different
sizes of planets stretching from Earth sized all the way ujpédargest gas giants. Figure 1.2
shows the number of planets per star foundKgplerorbiting Sun-like stars with periods less
than 85 days (Fresset al,, 2013), similar to Mercury’s orbital period of 88 days. Weanknow
that hot Jupiters, while easy to detect, are actually gaite;ronly~1% of Sun-like stars have
such planets (Fressit al, 2013; Petiguraet al, 2013b,a). On the other hand planets smaller
than Neptune+4 Rs) are commonplace, and many systems have more than one qibaEe
sized planet.

Specifically, Kepler has discovered an abundant new population of closedrR,,
sub-Neptune sized planets (Fressinal, 2013; Petiguraet al, 2013b,a). Although smaller
than Neptune, most of these planets are large enough thaithst have substantial hydrogen
and helium (hereafter H/He) envelopes to explain their diopez and Fortney, 2013b). Yet,
unlike Neptune and Uranus, these planets are on highlgliatad orbits. Such planets are
completely unlike anything found in our own Solar System &mtlamental questions about
their structure and formation still need to be addressed.atvdre these planets made of and
how did they form?

The traditional core-accretion view of planet formatiorthat planets initially form
from a proto-planetary embryo by the accumulation of neadiid material, i.e., dust and ice
grains (e.g, Pollackt al, 1996; Ida and Lin, 2004; Mordasiat al.,, 2009). These embryos then
collide with each other to build up proto-planetary coreg,(€hambers and Wetherill, 1998).

If these cores become massive enough, they can then acgdtegbn and helium envelopes
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directly from the circumstellar disk. However, if the comae relatively low mass or if they take
more than a few million years to form, then the gaseous diskdigsipate before the planets
can accrete an envelope. In the inner part of the disk, grtatoets will be dominated by rock
and iron as in the Earth, since rocky silicates and refrgatoetals like nickel and iron are the
only condensable species for normal abundances at terapes 300 K. Meanwhile, ice and
gas giants like those in the outer Solar System are beliavéorin beyond their star's water-
ice snowlines, where the increased density of solid matgréatly enhances the speed of core
driven formation (e.g. Pollackt al, 1996; Ida and Lin, 2004; Mordasiet al., 2009).

What are the sub-Neptunes then? Is most of their mass in wa&thane, and am-
monia ices as seems to be the case for Uranus and Neptune® tBewinstead rocky planets
with a small fraction of their mass in H/He envelopes? In share the sub-Neptunes scaled up
versions of the Earth or scaled down versions of Neptune?

These are two fundamentally different paradigms of planemétion. If the sub-
Neptunes closely resemble the Solar System ice giantsthiegmeed to have formed on wide
orbits beyond their stars’ snowlines (Rogetsl., 2011). Today, however, we find these planets
on highly irradiated orbits within the orbit of Mercury. Ii¢ sub-Neptunes are water-rich then
they must have undergone dramatic migration by planeteplacattering (e.g., Rasio and Ford,
1996; Lin and Ida, 1997) or type | migration (e.g., Tanaitaal, 2002; Ida and Lin, 2010;
Mordasiniet al,, 2009). Formation beyond the snowline followed by largeamivmigration
is a common explanation for the formation of the massivetgheriod hot-Jupiters (e.g., Lin
et al, 1996; Alibertet al, 2004). On the other hand if the sub-Neptunes are water{heor it

is possible that they formed at or close to their currentterf@.g., Hansen and Murray, 2011;



Chiang and Laughlin, 2013). In this case their low densitvesild be explained by having a
few percent of their mass in a H/He envelope, either outgbsen the rocky mantle (Elkins-
Tanton and Seager, 2008) or accreted directly from the gptztoetary disk (e.g., Ikoma and
Hori, 2012; Mordasinget al., 2011).

Likewise,Keplerhas also found a similarly abundant population of likelykypsuper-
Earths<1.5R4. Such planets are small enough that they are unlikely to bigveficant H/He
envelopes and are consistent with Earth-like abundancesckfand iron (Lopez and Fortney,
2013b). Are these Earth and super-Earth sized planets eahatintinuation of the volatile-rich
sub-Neptunes, perhaps the evaporated remnants or failesl @fsub-Neptunes, or a completely
separate population that formed under different circuntsta?

This thesis focuses on understanding the nature and offigfiese new populations of
extrasolar planets. We have developed coupled thermaltmoland photo-evaporation models
that can be used to answer questions both for individualgéam systems and for the population
of planets as a whole. In brief, these models are designedlltamfa planet’s mass, radius,
internal structure, and composition over its lifetime. Vdeds particular attention on aspects
of planet evolution which enable us to answer the above muessabout the composition and
formation of low-mass planets. We highlight particulartsyss like Kepler-11 and Kepler-36
that are useful case studies to understand planet evolatidrve identify key diagnostic trends
among the broader planet population.

Transiting planet surveys, like Kepler, primarily measarplanet's radius. Convert-
ing a measured radius into an estimate of a planet’s conmgosiquires careful modeling of

planetary interiors, structures, and evolution. Some gilamay be rocky, while others may



have large amounts of H/He or water in deep convective epeslo Moreover, planets with
volatile envelopes will form with large amounts of heat fréonmation leading to large initial
radii, which then contract as the planets age and cool (eogtneyet al,, 2007; Marleyet al.,,
2007).

In order to better understand the nature of low-mass lowsideplanets, in Lopez
et al. (2012) we developed the first coupled thermal and photoaratige evolution model
designed for this new class of planets. Using these modestudied the detailed evolution
of many of Kepler's multi-planet systems (e.g., Lozl 2012; Lopez and Fortney, 2013a;
Barclay et al., 2013; Gilllandet al,, 2013) and predicted planet radii as a function of mass,
composition, irradiation, and age (Lopez and Fortney, B).13n particular, we found that a
planet’s size depends strongly on the fraction of its massihl/He envelope.

A planet's composition, however, is not necessarily camtstiaroughout its lifetime.
Close-in planets, like most of those found by Kepler, are barmed by large amounts of ion-
izing radiation in the extreme UV and soft X-rays (jointhyfeered to as XUV hereafter) (Ribas
et al, 2005; Sanz-Forcadet al, 2011). This partially ionizes hydrogen high up in a plaset’
outer atmosphere, heating gas up~tb0,000 K and creating a collisional planetary wind that
can strip away mass (e.g., Sekighal,, 1980; Yelle, 2004; Murray-Clagt al, 2009). This
photo-evaporative wind has been directly observed in Lymdor a handful of transiting hot
Jupiters (e.qg., Vidal-Madjaet al., 2004; Lecavelier des Etangs al., 2004). Likewise, photo-
evaporation is believed to have stripped up to a terrestiiabn of water from the atmosphere
of early Venus (e.g., Watsoet al,, 1981; Kasting and Pollack, 1983). Over billions of years,

photo-evaporation can even transform large H/He-rich Neptsized planets into barren rocky



super-Earths (e.g., Lopet al,, 2012; Lopez and Fortney, 2013a; Owen and Wu, 2013).

Most of this evaporation takes place when planets are yodmging stars rotate more
rapidly, leading to stronger magnetic activity and moreoo@at emission. As a result, when the
Sun was only 100 Myr old it was over 100x more luminous in the\Xitan it is today (Ribas
et al,, 2005; Sanz-Forcadet al, 2011). Additionally, planets with H/He envelopes are much
more vulnerable to photo-evaporation at early ages duedio rge initial radii. Combined,
these effects mean that almost all of a planet’s photo-eagige mass loss takes place in its first
few 100 Myrs (Lopezt al, 2012). Becaus&eplerstudies a relatively old stellar population
in the thick disk of the Milky Way, the composition (and thieme radius) distribution seen
by Keplertoday was sculpted by photo-evaporation that took pladmtd of years ago. By
examining trends in the present-day population foundbpler we can uncover evidence of
this ancient evaporation.

Chapters 2, 3, and 4 make up the core of this thesis. The ralapgasented there
corresponds to Lopeat al.(2012), Lopez and Fortney (2013a), and Lopez and Fortney3(20
respectively. The chapters are arranged chronologicallshat the time evolution of the field
and our work can be seen.

In Chapter 2 we discuss the development of our models fokitrgcthe coupled
thermal and photo-evaporative evolution of low-mass gné/e show that there is strong ob-
servational evidence that photo-evaporation impactedligtébution of highly irradiated sub-
Neptunes and super-Earths found by Kepler. For the obsgrepdlation of transiting planets
with well-determined masses, we showed that there is aakifihoto-evaporation timescale,

beyond which there are no observed planets with H/He engslooreover, we found that



this observed threshold was well reproduced by our coughedrial and photo-evaporative
evolution models using standard photo-evaporation effaes (Lopezt al,, 2012).

We then apply these planet evolution models to a partigulateresting multi-planet
system Kepler-11. With six transiting planets includingeflow-density Neptunes and sub-
Neptunes orbiting a single star, this system presents aiarigpt case for our models of photo-
evaporative evolution. We examine different possible cositjpns for the five inner planets
in the system. We show that the present day masses and rdipler-11 can naturally be
explained by photo-evaporation if it is a system of watehplanets that underwent significant
migration.

In Chapter 3 we extend our analysis to further examine ttadiogiship and feedbacks
between thermal evolution and photo-evaporation. We sihatthe evaporative history of a
planet depends on the evaporative efficiency, it's levetraffiation, and most important of all,
the mass of it's rock-iron core. We show that differencesviaperation histories can naturally
explain the large density contrasts found in some multivplasystems, in particular Kepler-
36, a two-planet system in which the mean planetary deaditifer by almost an order of
magnitude despite very similar orbits.

Moving beyond the photo-evaporation threshold discussd&thapter 2, we examine
the implications of our models for the joint radius-inciddiux distribution of planets found
by Kepler. We show that the frequency of volatile-rich Neptune andNeptune sized planets
should increase significantly towards less irradiatedtsyhihile at short orbital periods 10
days there should be a large population of completely ewdpdrrocky cores. Moreover, in

between the populations of sub-Neptunes and stripped,comgientify a possible “evapora-



tion valley,” in which planets may be quite rare. We discusw lthe detection and depth of this
valley may be used to constrain the water abundance of aldse+~mass planets, and therefore
their formation and migration histories.

In Chapter 4, we examine the thermal evolution of our modelgreater detail. We
examine how our model planet radii depend on a planet’s ncassposition, age, and level of
irradiation. Most importantly, we show that at fixed H/He elope fraction, radii show little
dependence on mass for planets with more thdfo of their mass in their envelope. Conse-
qguently, planetary radius is to first order a proxy for plamgtcomposition, i.e., H/He envelope
fraction, for Neptune and sub-Neptune sized planets. Wastehe observed mass-radius rela-
tionship as a massempositionrelationship and discuss it in light of traditional core stion
theory. We then discuss these results in light of the obseradius occurrence distribution
found byKepler.

Finally, in Chapter 5 we discuss other applications of oanptary evolution models
in which | have been a co-author, both to individual systeike Kepler-37 (Barclayet al,,
2013) and Kepler-68 (Gillilandt al., 2013) and in statistical studies of the population of plane
(Wolgang & Lopez, in prep). We examine ways to further depdlese models. We then finish
by examining the future direction of exoplanet studies|uding the potential impact of new
transit surveys likeK2 and TESSand new instruments like those on board JWST. We discuss
how these upcoming missions may help us final resolve theelebahe origin and composition

of Kepler'ssub-Neptunes and super-Earths and the place of our modilatibroader picture.
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Chapter 2

How Thermal Evolution and Mass Loss Sculpt
Populations of Super-Earths and
Sub-Neptunes: Application to the Kepler-11

System and Beyond

2.1 Chapter Introduction

In recent years, the frontier of the search for extrasolanets has pushed towards
ever smaller and more Earth-like worlds. We now know of dezefiNeptune mass planets and
have even found the first definitively rocky extrasolar ptar{@atalhaet al., 2011; Légeet al,,
2009). In between, transit searches have begun finding datapuof low-mass low-density
“super-Earths”. Beginning with the discovery of GJ1214h#&€bonneatet al., 2009), these

planets represent a new class of exoplanets that do not ingvanalog in our Solar System.

11



Basic questions about their composition, structure, anaddtion are still unknown. Are these,
in fact, scaled up versions of the Earth that simply havekthigdrogen/helium envelopes atop
of rock/iron cores? Or are they instead scaled down verssdieptune that are rich in water
and other volatile ices?

The distinction between water-poor super-Earths or watdrsub-Neptunes has fun-
damental implications for how these planets formed. Sohfaseé low-mass low-density (here-
after LMLD) planets have only been found well inside the sdime. If these planets only
contain rock, iron, and hydrogen/helium, then it is possithley formed close to their current
orbits (Hansen and Murray, 2011). However, if a significaatfion of their mass is in water,
then they must have formed beyond the snow-line and migrated their current locations
(Alibert et al,, 2011; Ida and Lin, 2010; Rogees al.,, 2011).

The Kepler-11 system (Lissauet al., 2011a) is an extremely powerful tool for ex-
ploring the features of LMLD planets. With six transitingapkts orbiting a close solar analog,
it is the richest extrasolar system currently known. Moexp¥ive of the planets have masses
from Transit Timing Variations (TTVs), and all five of thesalfinto the low-mass low-density
regime in between Earth and Neptune. These five planetslaméeaior to Mercury’s orbit, with
periods from 10 to 47 days. This provides a unique laboratiomigst the possible composition,
formation, and evolution of LMLD planets and how these vayadunction of both period and
planet mass.

Transiting planets with measured masses, like those ing&dgdl, are particularly
valuable because we can determine their mean density. @&plémets in Kepler-11 have den-

sities too low for pure rock, and therefore must have somedafdahick envelope of volatiles.
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Likewise, all the planets except Kepler-11b are less ddmse pure water and so must have at
least some hydrogen/helium.

Unfortunately, mass and radius alone cannot uniquely chetera planet’s composi-
tion. In general, there is a large degeneracy between thguwelamounts of rock, iron, water,
and hydrogen/helium (Rogers and Seager, 2010a). Thisgrois| particularly acute for planets
with radii ~ 2—-4Rg, since in this range any of these four constituents can beiitapt. Indeed
these sorts of degeneracies have long been a focus of safdi#ganus and Neptune (Hubbard
et al, 1991; Fortneyet al,, 2011a).

One possible solution to the composition problem is to ohtailti-wavelength trans-
mission spectra, as has been done for GJ1214b (Beah 2011; Déseret al, 2011; Croll
et al, 2011). Since hydrogen-rich atmospheres have much laogés beights at a given tem-
perature, near infrared water and methane absorptionréssatuill be much more prominent for
planets with hydrogen/helium envelopes (Miller-Rietial., 2009; Miller-Ricci and Fortney,
2010). Unfortunately, these observations are extremaig intensive and even then the possi-
ble presence of clouds can make their interpretation dliffiéiven worse, nearly all the systems
found byKeplerare too faint for these observations with current telessope

An alternative is to develop models of the formation and etioh of low-mass plan-
ets to try and predict what compositions can form and howdhmsmpositions change as a
planet evolves. In particular, hydrodynamic mass loss fextneme ultra-violet (XUV) heating
can remove large amounts of hydrogen/helium from highlgdiated LMLD planets. Models
of XUV driven mass loss were first developed to study wates foam early Venus (Hunten,

1982; Kasting and Pollack, 1983), and hydrogen loss frone#rly Earth (Sekiyat al., 1980;
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Watsonet al, 1981). These kinds of models have since been developedidy stass loss
from hot Jupiters (e.g., Lammet al,, 2003; Yelle, 2004; Murray-Clagt al,, 2009; Ehrenreich
and Désert, 2011; Owen and Jackson, 2012), where thereigstvidence that atmospheric
escape is an important physical process (Vidal-Madjal., 2004; Davis and Wheatley, 2009;
Lecavelier Des Etangst al., 2010; Lecavelier des Etangsal.,, 2012).

In Sections 2.2.3, 2.3.3, and 2.5.1 we show that energydiaritydrodynamic mass
loss models, coupled with models of thermal evolution amdre@tion, can distinguish between
water-poor super-Earth and water-rich sub-Neptune saenar Kepler-11. Moreover, these
models make powerful predictions for the density distimuif the entire population of LMLD
transiting planets. In particular, observations show thate is a threshold in the bulk density -
incident flux distribution above which there are no LMLD pdst In Section 2.4 we examine
this threshold and show how it can by reproduced using ounthkevolution models coupled
with standard hydrodynamic mass loss prescriptions. Kinal Section 2.4.2 we explore how
this threshold can be used to obtain important constramdanets without measured densities:
We constrain the maximum radii of non-transiting radialogily planets, and the minimum

masses oKeplercandidates.

2.2 Our Model

2.2.1 Planet Structure

We have built on previous work in Fortney al. (2007) and Nettelmanet al. (2011)

to develop models of the thermal evolution of LMLD planets.simplify what is undoubtedly a
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complex interior structure for real planets, we construotel planets with well-defined layers.
Low-mass planets are likely to have a significant fractiorthafir mass in iron and silicate
rocks. For simplicity, we assume that these materials anéagued in an isothermal rocky core
with Earth-like proportions of 2/3 silicate rock and 1/3ntoFor the rock, we use the ANEOS
(Thompson, 1990) olivine equation of state (EOS); whiletfee iron, we use the SESAME
2140 Fe EOS (Lyon and Johnson, 1992).

On top of this rock/iron core we then attach an interior adtal’he composition of
this adiabat depends on the planet model being considemdthis work, we consider three
classes of LMLD planets: rocky super-Earths with H/He eopek, water-worlds that have pure
water envelopes, and sub-Neptunes with a water layer indeihe core and the upper H/He
layer. For the water-rich sub-Neptune models we assumdtttsaintermediate water-layer has
the same mass as the rock/iron core. We choose this valueidmedais comparable to the
water to rock ratio needed to fit Kepler-11b as a water-woilthis allows us to explore the
proposition that all five Kepler-11 planets started out vgitimilar compositions, but that mass
loss has subsequently distinguished them. For hydrogleuniheve use the Saumaeat al. (1995)
EOS. Meanwhile for water we use the ab-initio H20-REOS EO&Idped by Nettelmann
et al. (2008) and Frencht al.(2009), which was recently confirmed up to 7 Mbar in labonator
experiments (Knudsoet al,, 2012).

In the Kepler-11 system, our models predict that water vélirbthe vapor, molecular
fluid, and the ionic fluid phases. The interiors are too hohigh pressure ice phases. Finally,
we model the radiative upper atmosphere by assuming thgtlmet becomes isothermal at

pressures where the adiabat is cooler than the planet'l@aun temperature, assuming 20%
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Bond albedo and uniform re-radiation. We then calculaterdéickus at 10 mbar which we take
to be the transiting radius.

We connect the different layers of our models models by megyithat pressure and
temperature be continuous across boundaries. We thenfsolthe interior structure assuming
hydrostatic equilibrium. A given model is defined by its massmposition (i.e., the relative
proportions in H/He, water, and the rock/iron core) and thieapy of its interior H/He adiabat.
By tracking changes in composition and entropy we can thenect these models in time and

study the thermal and structural evolution of a given planet

2.2.2 Thermal Evolution

In order to obtain precise constraints on composition, itriportant to fully model
how a planet cools and contracts due to thermal evolutiordéi$athat only compute an instan-
taneous structure (Rogers and Seager, 2010b) by neceasityvary the intrinsic luminosity
of the planet over several orders of magnitude, which caduice large uncertainties in the
current composition. Obtaining precise constraints frowvermnal evolution is essential when
considering mass loss, since mass loss histories are héghkitive to uncertainties in the cur-
rent composition. Moreover, since mass loss depends $grongplanetary radius (to the third
power), the mass loss and thermal histories are inextydatked.

Modeling this contraction requires a detailed understagdif a planet’'s energy bud-
get. By tracking the net luminosity of a planet, we know hoe #ipecific entropys, (i.e., the
entropy per unit mass) of the interior adiabat changes viitle.t For a given mass and com-

position, this adiabat then defines the planet’s structncesm we can track the planet’s total
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radius as the model cools and contracts with time. Equa#idl) hows the energy budget for

our models and how this relates to the change in entdfpgt.

Mo TdS dT;
dmw = —Lint + Lradio— CvMcore c;:tore (2.1)
Mcore

The left hand side shows the rate of change of the thermabgrarthe interior
adiabat. Positive terms on the right hand side represemggmseurces that heat and inflate a
planet, while negative terms represent energy lossesltbat@planet to cool and contract. The
term Lint = Lest — Leq describes the intrinsic luminosity due to radiation frore fhlanet, where
Leqis the planet’s luminosity due only to absorbed stellara&dn.

The Lragio term describes heating due to radioactive decay. The irapblvng-lived
isotopes aré3°U, 49K, 238y, and?32Th. These have half lives of 0.704, 1.27, 4.47, and 14.1
Gyr, respectively. We assume meteoritic abundances giyémbers and Grevesse (1989). We
do not consider the early decay %5\, since we only consider models that are at least 10 Myr
after planet formation. Thieragio term has only a minor effect on our models since it is typicall
an order of magnitude smaller than the other terms in equ#d.).

Lastly, there is theTeore/dt term, which represents the delay in cooling due to the
thermal inertia of the rocky core. As the interior adiabatlspthe core isotherm must also cool,
as Teore €quals the temperature at the bottom of the adiabat. Wheoottzemakes up a large
fraction of the planet’s mass, this can significantly slowvddhe planet’s rate of contraction.
We assume a core heat capacitgpf 0.5-1.0 JK1 g™ (Alfé et al, 2002; Guillotet al., 1995;

Valenciaet al, 2010) as in Nettelmanet al. (2011). This range covers values appropriate for
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both the cores of the Earth and Jupiter. For our three layiNseptune models we still use the
mass in rock and iron fo¥qre, Since the water layer is generally too hot for ice phasessand
it is assumed to be fully convective.

For a given interior structure, we determine the intrinsiexffrom the interior, at
given S of the adiabat, via interpolation in a grid of model atmospbe The values ofiy;
(a parametrization of the interior fluxJeq, andTes are tabulated on a grid of surface gravity,
interior specific entropy, and incident flux for 50solar metallicity H/He atmospheres (similar
to Neptune). This corresponds to a metal mass fractiod of 0.35 and a mean molecular
weight of» ~ 3.5 gmol™. The grid is the same as that described in Nettelnmeirah. (2011) for
LMLD planet GJ 1214b, where a more detailed description eafobnd. Here we do expand
on that grid to now include a range of incident fluxes, as wagedor giant planets in Fortney
et al. (2007).

In choosing the initial entropy for our evolution model, wesame a “hot start” for
model; i.e., we start the models out with a large initial epyt. We then allow the models to
cool and contract until either 10 Myr or 100 Myr which is whee tWegin the coupled thermal
and mass loss evolution. This is a common but important gssom However, in general
our thermal evolution models are insensitive to the inidatropy choice by~ 100 Myr as in
Marley et al. (2007). As a result, we present results at both 10 and 100 NMareover, to
gain confidence in our 10 Myr models we examined the effectating those models with
a lower initial entropy. Specifically, we ran models in whisle started the 10 Myr with the
entropies found at 100 Myr. This allowed us to separate theeedf the stellar XUV evolution,

from any “hot start” vs. “cold start” uncertainties. Futyseogress in modeling the formation
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of water-rich sub-Neptune planets (e.g., Rogdral, 2011) may allow for an assessment of the

most realistic initial specific entropies.

2.2.3 XUV-Driven Mass Loss

Close-in planets like those in Kepler-11 are highly irrdgithby extreme ultraviolet
(EUV) and x-ray photons. These photons photoionize atomitrdgen high in a planet’s at-
mosphere, which in turn produces significant heating (Hunt®82). If this heating is large
enough, it can generate a hydrodynamic wind that is capabfenooving significant mass,
potentially including heavier elements as well (Kastingl &vllack, 1983). We couple this
XUV driven mass loss to our thermal evolution models followithe approach of Jacksenal.
(2010) and Valenci&t al. (2010), which explored possible mass loss histories for @eRo
(Légeret al., 2009; Quelozt al, 2009). Similar approaches have also been used to study the
coupled evolution of hot Jupiters (e.g., Baradteal., 2004, 2005; Hubbardt al,, 2007b,a) and
hot Neptunes (Baraffet al., 2006).

A common approach to estimate the mass loss rate is to ashatrsome fixed frac-
tion of the XUV energy incident on a planet is converted ineaththat does work on the at-
mosphere to remove mass. This is known as the energy-limpgdoximation (Watsoet al.,

1981) and allows a relatively simple analytic descriptiémass loss rates.
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2.2
GIleKtide ( )

Me-iim ~

1

3
Kige = (1~ 2% + 263

) (2.3)

19



¢ = Ry

Rxuv

(2.4)

Equation (2.2) describes our estimate of the mass loss astedon the formulation
from (Erkaevet al., 2007).Fxyy is the total flux between-11200 angstroms, which is given by
Ribaset al. (2005) for Sun-like stars. For stars older than 100 Myr, Riftaund that at 1 AU,
Fxuv = 29.77 123 ergstcm?, wherer is the age of the star in Gyr. Using this power law, we
scale the XUV flux to the appropriate age and semi-major axi®éch planet in our models.
Although Ribas only targeted Sun-like stars, Sanz-Foreddd. (2010) found similar results
for a wide range of stellar types from M3 to F7. Hereafter, wil simply refer to the entire
1-1200 angstroms ; spectrum as XUV.

Rxuv is the planetary radius at which the atmosphere becomesatiptihick to XUV
photons, which Murray-Clagt al. (2009) find occurs at pressures around a nanobar, in the hot
Jupiter context. For our work, we assume that the atmospaésethermal between the optical
and XUV photospheres. This neglects heating from photasdisciation, which should occur
around aubar (Miller-Ricci Kemptonet al, 2012a). However, this effect should be relatively
small and if anything will lead to slight underestimate of tnass loss rate. We vary pressure
of the XUV photosphere from 0.1 nbar to 10 nbar to include theewtainty in the structure of
the XUV photosphere. For H/He atmospheres on LMLD planéis,nbar radius is typically
10-20% larger than the optical photosphefeye is a correction factor that accounts for the fact
that mass only needs to reach the Hill radius to escape (Eedaal., 2007). For planets like
Kepler-11b today this correction factor increases the rnusssrate by~ 10%, however at early

times it can increase the rate by as much as a factor of 2.
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Finally, € is an efficiency factor that parametrizes the fraction ofittedent XUV
flux that is converted into usable work. This efficiency istsetadiative cooling, especially via
Lymanc, and can depend on the level of incident flux (Murray-Gagl.,, 2009). Kepler-11is a
8+ 2 Gyr old Sun-like star. Using the power law from Ribas etthis implies that current XUV
flux at Kepler-11f is~ 37 ergst cm 2. Similarly, when Kepler-11 was 100 Myr old, the flux at
Kepler-11b was: 6 x 10*ergs™ cm™. Murray-Clayet al.(2009) found that at XUV fluxes over
10° ergstcm?, relevant for many hot Jupiters, mass loss becomes radisgmmbination-
limited and highly inefficient. However, at the lower XUV fleg relevant for the Kepler-11
system mass loss is roughly linear wikyy and has efficiencies- 0.1-0.3. For this work,
we assume a default efficiency of 0.1+33, although we do examine the effects of lower
efficiencies. While we predominantly investigate the loslfiHe envelopes, in some limited
cases for Kepler-11b, we also assume this holds for steapiog@/loss.

One important implication from equation (2.2) is that masslIrates are much higher
when planets are young. This is for two reasons. First, ahg@ages planetary radii are con-
siderably larger due to residual heat from formation. Sdbgrat ages less than 100 Mgy
was~ 500 times higher than it is currently (Ribasal., 2005). As a result, most of the mass
loss happens in a planet’s first Gyr. Thus although a plaret®lope may be stable today, its
composition may have changed significantly since formatidkewise, a considerable amount
of mass will be lost between the end of planet formatior - dt0 Myr (Calvetet al., 2002) and
100 Myr. Following the x-ray observations of Jacksetnal. (2012), we assume that at ages
younger than 100 Myr the stellar XUV flux saturates and is tamtsat the 100 Myr value.

Unfortunately, the observations for 10-100 Myr do not cother EUV (100-1200 angstroms)
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Table 2.1. Kepler-11: Current Mass and Composition

Planet Current MasdVs) % H/He % Water % H/He 3-layer

Kepler-11b 43+22 0.3+33s% 40+35% n/a

Kepler-11c 15448 4.6+51% n/a 03+39%
Kepler-11d 61431 8.2+21% n/a 13+32%
Kepler-11e 84-+23 172451 % n/a 55+23%
Kepler-11f 23422 4.14+18% n/a 04+25%

Note. — Present day masses and compositions for Keplerrihrfee classes of
models. The third (fourth) columns list the current H/Hectrans predicted by our
thermal evolution models assuming two layer H/He (wateryack/iron model.
The final column lists the predicted fraction of H/He for thitayer "sub-Neptune”
models with equal mass in the rock and water layer. This s@eizanot applicable

to 11b since it only needs 40% water to match its radius.
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part of the spectrum, so there is some uncertainty as to wh#tls saturation age is uniform
across the entire XUV spectrum. Nonetheless, our conséramthe formation of Kepler-11 in
sections 2.3.2 and 2.5.1 come from the lower limits we are &bblace on the initial compo-
sitions. Assuming that the EUV (100-1200 angstroms) saaralong with the x-rays (1-100
angstroms) is conservative assumption in terms of the atradunass that is lost.

In general, models of LMLD planets that assume H/He enveldpéay will predict
much larger mass loss histories than models that assunmme steelopes. Partly, this is because
of the lower mean molecular weight of hydrogen. Mostly, hegreit is because when we
integrate the compositions back in time from the presert,dtidition of a small amount of
H/He has much larger impact on a planet’s past radius tharadl amount of water. A larger
radius in the past in turn means a higher mass loss rate; athe $otegrated mass loss history

becomes much more substantial for H/He envelopes.

2.3 Application to Kepler-11

2.3.1 Current Compositions from Thermal Evolution

The first step in trying to understand the formation and Inystd a planetary system
is to identify the possible current compositions for eachihef planets in the absence of any
mass loss. This then gives us estimates for the current ma$sach planet’s core, which we
then use as the starting point for all of our calculationswitass loss.

Figure 2.1 shows the Kepler-11 planets in a mass-radiugsatiaglong with curves

for different possible compositions. For all planets, wéocaode by the incident bolometric
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flux they receive. The Kepler-11 planets are shown by filledes with identifying letters next

to each one. The other known transiting exoplanets in thissnamd radius range are shown
by the open squares. In order of increasing radius, theskepker-10b (Batalh&t al,, 2011),
Kepler-36b (Carteet al, 2012), CoRoT-7b (Légeet al,, 2009; Quelozt al., 2009; Hatzes

et al, 2011), Kepler-20b (Fresskt al., 2012; Gautieet al,, 2012), Kepler-18b (Cochraet al,,
2011), 55 Cancri e (Winet al, 2011; Demornyet al, 2011), GJ 1214b (Charbonneatial,,
2009), Kepler-36¢ (Carteat al., 2012), Kepler-30b (Fabryckst al,, 2012; Sanchis-Ojedet al,,
2012), and GJ 3470b (Bonfikt al., 2012). Lastly, the open triangles show the four planets in
our own solar system that fall in this range: Venus, Earttariis, and Neptune.

The curves show various possible compositions. The sadiddaturve shows a stan-
dard Earth-like composition with 2/3 rock and 1/3 iron asalib®ed in Section 2.2.1. The
other curves show compositions with thick water or H/He ¢éopes atop an Earth-like core.
These curves include thermal evolution without mass lo&®&yr, the age of Kepler-11. The
blue dashed curves show the results for 50% and 100% watdsssaomputed aleq= 700 K,
approximately the average temperature of the five inanerepda Likewise, the dotted orange
curves show the results for H/He envelopes; however, hete@ave is tailored to match a spe-
cific Kepler-11 planet and is computed at the flux of that plaméese fits are listed in greater
detail in table 2.1. Here we list the mass of each planet téien Lissaueret al. (2011a); the
H/He fractions needed to match each planet’s current rddiwswater-poor super-Earth model;
the water fraction needed to match Kepler-11b as a wateldnand the H/He fractions needed
to fit Kepler-11c, d, e, and f as sub-Neptunes with an inteiatedvater layer, as described in

Section 2.2.1. As described in section 2.3.2, we varied thegbary albedo, the heat capacity
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of the rocky core, and the observed mass, radius, curreniageancident flux.

Figure 2.1 and table 2.1 clearly show the degeneracy betwedous compositions
that we are attempting to untangle. There are now four piaimetuding Kepler-11b that can
easily be fit either as water-worlds or as water-rich subidegs with< 2% of their mass in
H/He. However, it is worth looking closer at Kepler-11b irrfpzular. It is the only planet in
the system which does not require any hydrogen or helium tohrits current radius, although
it must have some sort of volatile envelope. Moreover, itls® dhe most irradiated and it is
fairly low gravity. As a result, adding a small amount of hgden to its current composition
has a large impact on the bulk density, which in turn makepliueet more vulnerable to mass
loss, as seen in Eqg. (2.2). A clearer picture for this planstrges when including XUV driven
mass-loss and relatively strong constraints from fornmatimodels discussed in Section 2.5.1.
Thus, if there is hope of using mass loss to constrain the ositipn and formation of the

system, it likely lies with Kepler-11b.

2.3.2 Mass Loss for a Super-Earth Scenario

Now that we have estimates for the present day compositiwasyill begin consid-
ering the effects of mass loss. We will compute mass lossiiest that when evolved to the
present day, match the current mass and composition. Tésteils us what the mass would
have to be in the past to result in the current mass and cotiposiAs discussed in Section
2.2.3, there is uncertainty in stellar XUV fluxes ages yourtigan 100 Myr; as a result, we will
present results both at 10 Myr and 100 Myr after planet foromat

First we will consider water-poor super-Earth models fockealanet, which have
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Table 2.2. Kepler-11 Results from Mass Loss: Mass and Coitiqpo$or Super-Earths

Planet Mass yr (Mg) % H/He 1¢ yr  Mass 10 yr (Mg) % H/He 10 yr

Kepler-11b 346+52, 87.6 55, % 448137, 904+33%
Kepler-11c 13748 6.0+£39% 142443 9.1+28 %
Kepler-11d 6728 165+22% 7.84128 28+35%
Kepler-11e &8+23 212459% 9.7+23 28.1+1%595
Kepler-11f 31434 29438% 34+58 354+31%

Note. — Masses and H/He fractions predicted by coupled neassand thermal evolution
models at 100 and 10 Myr, assuming all five planets are water-puper-Earths. The large
error bars on some compositions are due mostly to uncadsiirt the current masses from
TTV. The 10 Myr values are subject to some model uncertargediscussed in sections 2.2.2
and 2.2.3. Kepler-11b is extremely vulnerable to H/He mass &And would have to start off
implausibly massive to retain a small H/He envelope todagpl&r-11c, d, e, and f are all
consistent with have formed witk30% H/He.
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H/He envelopes atop Earth-like rocky cores. As discuss&gation 2.2.3, H/He envelopes are
particularly susceptible to mass loss. As an example, EBigu2 shows four possible cooling
histories for Kepler-11b. The solid lines show thermal atioh without any mass loss while
the dashed lines include mass loss. The orange curves anafer-poor super-Earth models,
while the blue curves show water-world models. The red catgsvs the current radius and
age of Kepler-11b. These curves illustrate the impacts tif teermal evolution and mass loss
on the radius of a low-mass planet. The water-world modejsire that 40% of the current
mass must be in water to match the current radius. Assumingtandard efficiency = 0.1,
implies an initial composition of 43% water at 10 Myr. Thikdtrates the relative stability of
water envelopes. On the other hand, the dashed orange dwwes she vulnerability of H/He
layers. Here we have assumed a efficiengyléwer ¢ = 0.02 and yet more mass is lost than
in the water-world scenario. Even at this low efficiency, Kefd1lb would have to initially be
11% H/He and 4.8/ to retain the 0.3% needed to match the current radius. Thsstiows
the large increase in radius that can result from even aivelgtmodest increase in the H/He
mass.

Table 2.2 summarizes the results for Kepler-11 b-f for théewpoor super-Earth
scenario. We list the masses predicted by our models wheplainets were 10 and 100 Myr
old. In addition, we list the fraction of the planets’ masgethe H/He envelope at each age.
These results are further illustrated in Figure 2.4a. Heeehave plotted the mass and H/He
fraction for each planet at 10 Myr, 100 Myr, and today. Eacloicoorresponds to a particular
planet with the squares indicating the current masses amghasitions, the circles the results

at 100 Myr, and the triangles the results at 10 Myr. In ordecdtculate the uncertainty on
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these results, we varied the mass loss efficierfogym 5-20% and varied the XUV photosphere
from 0.1-10 nbar. Likewise, we varied the planetary Bondedtbhfrom 0-0.80 and varied the
heat capacity of the rocky core from 0.5-1.0°3%. Also, as discussed in section 2.2.2, we
varied the initial entropy for the 10 Myr models, to account @indertainties in “hot-start” vs.
“cold-start”. Finally, we factored in the observed uncati@s in mass, radius, and incident
flux.

Clearly, Kepler-11b is vulnerable to extreme mass lossh&i a H/He envelope atop
a rock/iron core. Although less than 1% H/He today, if it is ate@r-poor super-Earth it could
have been have over 90% H/He in the past. At 10 Myr, its mass would have beer-49
Mg, an order of magnitude higher than the current value. Kehléris able to undergo such
extreme mass loss because its high XUV flux and the low mass obcky core put it in a
regime where it is possible to enter a type of runaway mass [bBis happens when the mass
loss timescale is significantly shorter then the coolingesigale. After the planet initially loses
mass it has an interior adiabat and rocky core that are signifiy hotter than would otherwise
be expected for a planet of its mass and age. This is becaaisatdhior still remembers when
the planet was more massive and has not had sufficient tinmotoAs a result, the planet will
stay inflated for some time and the density stays roughlyteohsind can actually decrease. A
similar effect was seen by Baraftd al. (2004) when they studied coupled thermal evolution
and mass loss models for core-less hot Jupiters. We findhisaptocess generally shuts off
once the composition drops below20% H/He. At that point the presence of the core forces
the total radius to shrink even if the planet is unable to @ffitiently. Figure 2.3 shows this

process as Kepler-11b loses mass for three different valies current mass and therefore its
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core mass. The curves correspond to the best fit mass frositttaming as well as thed error
bars. This shows that the timing of this runaway loss evepédds strongly on the mass of the
rock/iron core.

Super-Earth models of Kepler-11b are unusual in that theysabject to tremendous
mass loss and yet they retain a small amount of H/He todayicdlyp models that start out
~ 90% H/He either experience runaway mass loss and lose thd& ehvelopes completely, or
they never enter the runaway regime and remain over 50% HFHe.uncertainty in the initial
composition of Kepler-11b is due to uncertainty in its TTVs8aAt a given current mass, the
range of Kepler-11b models that will retain an envelope ihat 1% H/He is extremely narrow.
In this sense, the current composition of Kepler-11b rexgui rare set of initial conditions if it
is a water-poor super-Earth.

Counter-intuitively, if Kepler-11b is more massive todagn its implied mass in the
past is actually lower. This is because a higher mass todaydwmply a more massive core,
which would increase the planet’s density and decreaseatsnoss rate. As a result, a more
massive model for Kepler-11b today is less vulnerable tosn@ss and so less H/He is needed
in the past in order to retain 0.3% today. At 100 Myr, there iggy large uncertainty in the
composition due to the uncertainty in the core mass. Howeven if we assume theslerror
bar 6.5Mg,, Kepler-11b would still be at least IVl;, and at least 83% H/He at 10 Myr. In
section 2.5.1, we will compare this to models of in situ fotimaand show that such a scenario
is unlikely.

On the other hand, Kepler-11c is not particularly vulnesatdl mass loss, at least

using the best fit mass from transit timing, despite havireggcond highest flux in system.
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Table 2.3. Kepler-11 Results from Mass Loss: Water-Worlus Sub-Neptunes

Planet Mass yr (Mg) % H/He 1¢ yr  Mass 10 yr (Mg) % H/He 10 yr

Kepler-11b 44+32 41+£3% 45+21 43+38%
Kepler-11c 13748 1.8+18 % 152425 12479%
Kepler-11d 68:2§ 116+3%% 76455 21+19%
Kepler-11e a+3} 128+3¢5% 9.7+38 18+12%
Kepler-11f 29438 214582% 4.0+72 43+32%

Note. — Masses and volatile fractions predicted by coupladshoss and thermal evolution
models at 100 and 10 Myr, assuming Kepler-11c, d, e, and f aterwich sub-Neptunes and
Kepler-11b is a water-world. Thus the compositions listedkepler-11b are water fractions,
while those for Kepler-11c-f are H/He fractions. Kepleredflare all consistent with having
formed as water-rich sub-Neptunes with 20-30% H/He. KepMdy is not vulnerable to mass
loss if it has a water envelope; however, it could have eaddp formed a water-rich sub-
Neptune and lost its H/He envelope.
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This is because of the relatively large mass of its rocky ctbre high gravity means additional
H/He has a more modest effect of the planet’s radius andftreren the mass loss rate. In
fact, along with the incident XUV flux the mass of the rockyeds the single largest factor that
determines whether a given planet will be vulnerable to ni@ss. As a result, the dominant
sources of uncertainty in our mass loss models are the aues in the masses from TTV.
These dominate over all the theoretical uncertainties éntkiermal evolution and mass loss
models. The uncertainty in planet mass from transit timggarticular large for Kepler-11c.

If its mass is close to thecsllow value, then it is possible Kepler-11c has undergone more
substantial mass loss similar to Kepler-11d-f. Forturyated more quarters of data are processed
the mass estimates from TTV will become more precise (&gal., 2005; Holman and Murray,
2005). Finally, Kepler-11d, e, and f are modestly vulnezablmass loss and are consistent with
having originated with~ 20% H/He at 100 Myr and- 30% H/He at 10 Myr. In Section 2.5.2

we will discuss these results in terms of orbital stability.

2.3.3 The Water-Rich Scenario

Next we consider a water-rich scenario where the entireegysormed beyond the
snow line. We assume that Kepler-11c-f are water-rich saptdhes as described in Section
2.2.1, while Kepler-11b is currently a water-world. Oth&®the thermal mass loss histories
are calculated in the same manner as the water-poor supir-&zenario. For Kepler-11c-f
we calculate the planet mass H/He fraction at 10 and 100 Myauraing that only H/He is
lost. For Kepler-11b, we examine the vulnerability of botfHd and steam envelopes atop

water-rich interiors. The results are summarized in TabBvwhich list the water fraction for a
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water-world model of Kepler-11b and the H/He fraction forterarich sub-Neptune models of
Kepler-11c-f. Likewise, the results for c-f are shown in g 2.4b.

In general, the three layer models are slightly more vulbleréo mass loss than the
water-poor super-Earth models presented in section 2Mdatly this is because models with
a water layer have hotter interiors that cool more slowlyr &mample, for Kepler-11c¢ without
mass loss the models presented in Table 2.1, at 8 Gyr the fitrapy in the H/He layer is
6.6 ky/baryon for the water-rich sub-Neptune model versus 5.8Hferwater-poor super-Earth
model. The second reason is that counter-intuitively théemdch sub-Neptune models are
slightly more vulnerable to mass loss precisely becausghhbee less of the planet's mass in
H/He today. For a planet that has less H/He today, adding & amaunt of H/He at the margin
has a larger impact on the planet’s radius and therefore @méss loss rate.

For Kepler-11c-f the results are broadly similar to thosetfe water-poor super-
Earth scenario. Kepler-11c is again the least vulnerabieass loss; while Kepler-11d is again
the most vulnerable of the four planets that we model as watlersub-Neptunes. However,
all four of these planets are consistent with having beeb0-20% H/He at 100 Myr and
~ 20-30% H/He at 10 Myr.

If Kepler-11b was always a water-world, then mass loss wasmienportant for it.
Between 10 Myr and the present, it only drops from 43% to 40%ewaoreover, if Kepler-
11b was initially a water-rich sub-Neptune similar to theeastplanets in the system, it could
have easily stripped its H/He outer envelope. If we startl&eplb at 100 Myr as a water-rich
sub-Neptune similar to the other planets with 30% H/He at@d\k, of rock and water, then

assuming: = 0.1 the entire H/He envelope will be stripped by 300 Myr. We catrupper limits
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on the initial mass and H/He fraction of ’M;, and 94% if Kepler-11b was originally a water-
rich sub-Neptune. These are however strictly upper linaitd/He layer could have been lost at
any time between formation and now. Therefore, all five pisuage consistent with a scenario
is which they formed as water-rich sub-Neptunes witli0% H/He at 100 Myr and- 20%

H/He at 10 Myr.

2.4 A Mass Loss Threshold for Low-Mass Low-Density Planets

Although Kepler-11 provides a unique case-study, it ismsseto explore how mass
loss impacts the larger population of LMLD transiting plemé-igure 2.5 shows the bolometric
flux these planets receive at the top of their atmospherethes. bulk densities. As in Figure
2.1, filled circles show the Kepler-11 planets with the lsti@dicating each planet. The open
squares show the other transiting exoplanets that areHasslt Earth masses. For reference,
we have also plotted all other transiting planets betweesntb100M, as gray crosses (Wright
et al, 2011). The colors indicate possible compositions. Alhglas with a best-fit mass and
radius that lies below a pure rock curve are colored red. &hedude Kepler-10b, Kepler-36b,
CoRoT-7b, and just barely Kepler-20b. Planets that aredesse than pure rock but more dense
than pure water, indicating that the could potentially béeravorlds, are colored blue. These
include Kepler-11b, Kepler-18b, and 55 Cancri e. Meanwthilese planets that must have a
H/He envelope to match their radius are colored orange. &metude Kepler-11c, d, e, and f,
Kepler-30b, Kepler-36¢c, GJ 1214b, and GJ 3470b.

The dashed black lines show curves of constant mass losagededing to equation
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(2.2), assuming = 0.1 andK;gqe = 1. These curves are linear in this plot since the instaoiasme
mass loss rate goes as the flux over the density. Althoughé-@5 plots the bolometric flux
today, we can relate this to an XUV flux at a given time using Rlileaset al. (2005) power
law for sun-like stars described in Section 2.2.3. The caisteow the flux today required to
lose mass at Mg, Gyr ! when the planets were 1 Gyr old and 100 Myr old, along with heiot
curve showing 0.Mg Gyr ! at 100 Myr. Since most of the mass loss happens in the first few
hundred Myrs, the bottom two curves can roughly be consilasethe respective thresholds
for mass loss being important and being unimportant for LMtl&nets.

One possible explanation of this mass loss threshold isithatcaused by XUV
driven mass loss from H/He envelopes on low-mass planetsL llanets that form above
the 100 Myr 1M, Gyr* curve lose mass, increase in density and move to the rigiittoay
lie below this threshold. The planets that are left above line are mostly rocky or at the
very least probably do not have H/He envelopes. Planets massive than- 15 Mg, are not
affected since they have a larger reservoir of mass and #iseolica few earth masses of volatiles
isn't sufficient to significantly change their bulk densify illustrate this, we have plotted our
predictions for the bulk densities of each of the Kepler-1dnpts at 100 Myr, including the
effects of both mass loss and thermal evolution. These diedted by the shadowed letters at
the left of Figure 2.5.

The situation becomes even clearer if we instead we plot fgairst mass times
density as in Figure 2.6. The timescale for XUV mass loss tike$M,/Fxuv, so lines in this
diagram are constant mass loss timescales. Now the thdeishmluch clearer and applies to all

planets up to all planets with H/He envelopes. This also remany effects from the somewhat
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arbitrary 15Mg, cut.The sparsity of planets at low flux and high density isadhcertainly a
selection effect, since these are likely to be planets witlg Iperiods and small radii. However,
the interesting result is that there is appears to be a akitiass loss timescale above which
we do not find any planets with H/He envelopes. In particidérfive of the inner Kepler-11
planets lie nicely along this threshold. Moreover, of theeéhplanets that lie above the critical

mass loss timescale, two are likely rocky.

2
b= Mp_ GMg Fe
loss— — — =

_— 2.5
M meR3Fxuv E100 Fp (25)

The dashed black line in Figure 2.6 shows our best fit for thigcal mass loss
timescale. Equation 2.5 defines this mass loss timescalee &4e0.1 is the mass loss effi-
ciency,Fxuv e100= 504 ergst cm? is the XUV flux at the Earth when it was 100 Myr old, and
Fp is the current incident bolometric flux at a planet. We find atlfi¢ with tiosscrit = 12 Gyr.
However, while equation 2.5 accounts for the higher XUV flied earlier times, it does not
include the effects of larger radii at formation. The wiltrecet,ss by at least another order of
magnitude.

A similar mass loss threshold was proposed by LecavelierBasgs (2007). Un-
fortunately, at that time there were relatively few traimgjtplanets and no known transiting
super-Earths. As a result, the authors we mostly limitedabJupiters from radial velocity
surveys and were forced to use a scaling law to estimate ttddiie we are able to confirm the
existence of a mass loss threshold and extend it all the way to~ 2 Mg,.

This mass loss threshold could also help explain featuresdarrence rate of planets
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found byKepler. Howardet al. (2012) found that the frequency of 2R}, Keplerplanet candi-
dates dropped off exponentially for periods less than 7 .d@ss 7 day cutoff corresponds to
an incident bolometric flux of 208,,. There are five planets with measured densities in figure
2.5 that lie above 206,. Of these five, three planets are consistent with being racid/two
with being water-worlds; none of the five requires a H/He apiere to match its observed
mass and radius. If all low mass planets orbiting within 7sdge their H/He atmospheres,
then their radii will shrink from 2-4R4, to <2 R+,. This could naturally explain the drop off in

2-4 R4 candidates at short periods.

2.4.1 Reproducing the Mass Loss Threshold

In order to fully examine whether the mass loss thresholdiguie 2.5 can be ex-
plained by atmospheric mass loss, we performed a small pdearstudy with~800 mass loss
models across a wide range of initial masses, compositisincident fluxes. For each model
we ran thermal evolution and mass loss starting at 10 Myrmat@iSun-like star. We ran models
with initial masses of 2, 4, 8, 16, 32, and B¥,. We assumed water-poor super-Earth composi-
tions, meaning H/He envelopes on top Earth-like cores, imittal compositions of 1, 2, 5, 10,
20, and 40% H/He. Finally we varied the incident bolometiix from 10 to 1000, in order
to cover the range of observed planets in Figures 2.5 andV@ethen recorded the resulting
masses, densities, and compaositions at various ages.

The results are shown in Figure 2.7. As in Figure 2.6, eaclelpplots the total
incident flux at the top of the atmosphere vs. the planet miagEstdensity assuming different

mass loss histories for our full suite of models. The sizeawfhepoint indicates the mass of
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the planet, while the color indicates the fraction of its masthe H/He envelope. The top left
panel shows the initial distribution at 10 Myr before we stary mass loss. The other two top
panels show the results at 100 Myr and 10 Gyr for our standasisnoss efficiency = 0.1.
Meanwhile, the bottom panels show the results at 1 Gyr fomgeaof different efficiencies.
These range from highly inefficient mass lass 0.01, to our standard efficienay= 0.1, and
finally extremely efficient mass logs= 1. In each panel, as planets cool and lose mass the points
move to the right, shrink, and become bluer (less H/He). Efarence, we have re-plotted our
critical mass loss timescale from Figure 2.6 in each of teeltganels.

As we can see, models with mass loss do in general result ineahbld roughly
corresponding to a critical mass loss timescale. Moredkiermass loss threshold observed in
Figure 2.5 is well reproduced by mass loss models witt0.1. This is similar to the efficiencies
found by detailed models of mass loss from hot Jupiters irette¥gy-limited regime (Murray-
Clay et al., 2009). This suggests that our assumption of comparable toss efficiencies for
LMLD planets is reasonable. It is also apparent that thesttolel already in place by 100
Myr, and subsequent evolution has a relatively minor effédt also examined the effect of
beginning our parameter study at 100 rather than 10 Myr; kewehis did not significantly
affect the location of the threshold.

Previous mass loss evolution models (e.g., Hubleardl., 2007b,a; Jacksoat al,,
2012; Owen and Jackson, 2012) have also predicted masfiteshalds. However, our models
are the first to fully include the effects of coupled mass lmsd thermal evolution for LMLD
planets. We are able confirm and explain the observed tHésken in Figure 2.6 in a region

of parameter space where most of #eplerplanets are being found.
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2.4.2 Constraints On Mass and Radius for the General Popul&in

If we use the critical mass loss timescale curve from FiguBea2 a approximation for
the observed mass loss threshold, then we can write downpesempression for the threshold.
This is shown in equation (2.6), which is valid for planetsuard Sun-like stars witk, < 500
Fs. The 500F4 cut excludes highly irradiated rocky planets like Kepl®bland CoRoT-7b.
These planets may have once had volatiles in the past, buttldikely rocky today and so
H/He mass loss is no longer relevant. This cut also excludesegion where energy-limited
escape breaks down and mass loss becomes radiation ancbieatian limited (Murray-Clay

et al,, 2009)

3eFxuv E100 Fp
T A~ _tIOSSCrit

pMp >
P 4G Fy

(2.6)

The exciting implication of equation (2.6) is that we can iide obtain lower limits
on mass for the much larger populationK#pler super-Earths and sub-Neptunes for which we
do not have measured densities. This will help identify geamg targets for follow-up work

with radial velocity observations. This is shown in equat{@.7).

ey oo F
Mp > —XUVE —ptlosscrit RS/Z (2.7)
G Fq

Table A.1 applies equation (2.7) to a listképler candidates smaller thanRy, that
are well suited to radial-velocity follow-up. We excludedysplanets withF, > 500 F, since

equation (2.7) is not valid in that regime. Also, we limitéxe tsample to only those planets with
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minimum radial velocity semi-amplitudé&yi, > 1.0ms™ around stars with Kepler magnitude
brighter than 13, since these will be the most promising farfBllow-up. In the end, this
leaves us with a list of 38 likely detectable targets, eidhtloich (KOIs 104.01, 107.01, 123.01,
246.01, 262.02, 288.01, 984.01, and 1241.02) lgyg > 2.0ms™?,

Finally, we can also use the mass loss threshold to find arr lippeon the radii of
non-transiting planets from radial velocity surveys with< 500F,. This is done in equation

(2.8).

G Fo\1/3,,2/3
. Foy1/ay 2.8
Rp - (WEFXUV.Elodlosscrit Fp) P ( )

2.5 Discussion

2.5.1 Kepler-11: Comparison to Formation Models, Implicatons for Migration

By itself, the constraints from mass loss do not tell us waekepler-11 is a system of
water-poor super-Earths or water-rich sub-Neptuneseétbive need to compare our estimates
of the initial compositions to models of planet formatiory @ing so we can examine whether
our estimates of the original compositions for a water-pager-Earth scenario are consistent
with the maximum H/He fraction that can be accreted duringjtin formation.

Ikoma and Hori (2012) examine the accretion of H/He atmosgshento the rocky
cores of hot water-poor super-Earths. In particular, thegngine the in situ formation of the
Kepler-11 system. In addition to a planet’s core mass anghéeature, the amount of H/He

accreted will depend strongly on the lifetime and dust gmgacity of the accretion disk. As
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with thermal evolution, the need to cool the rocky core cawshe contraction of the accreting
atmosphere and limit the final H/He fraction. They are abkeetichard upper limits on the initial
compositions for in situ formation by assuming a grain-friemg-lived (~ 1 Myr in the inner
0.2 AU) accretion disk and ignoring the delay in accretioe ttucooling the cores.

In particular, Ikoma and Hori (2012) find that Kepler-11b kkbanot have accreted
more than 10% of its mass in H/He if it formed in situ. Morequasing a more typical disk
lifetime of 1 yr (Gorti et al, 2009) and including the effect of cooling the core implieatt
Kepler-11b was< 1% H/He at formation. On the other hand, in Table 2.2 we shotkad
thermal evolution and mass loss models predict that if Kepld is a water-poor super-Earth
then it was 82:J;% H/He and at least 82% H/He at 10 Myr. Combined with the resoflt
Ikoma and Hori (2012), this disfavors in situ formation of {e&r-11b. This result appears
robust to any uncertainties in thermal evolution or mass Im®dels. Even if we only look
after the period of run-away mass loss, at 3 Gyr Kepler-11& stidl 10% H/He, the maximum
allowed by Ikoma and Hori (2012). Likewise, we find that Kegldf was at least 10% H/He at
10 Myr, even though the Ikoma and Hori (2012) models predtiat it cannot have accreted its
current composition of 4% H/He if it formed in situ. Furthesre, the co-planar, tightly packed,
circular orbits in the system strongly suggest that it cdhdoe undergone type 1 migration (Ida
and Lin, 2010). As a result, we disfavor in situ formation loé tsystem.

If the Kepler-11 system did not form at its current locatitimen one possibility is
that it formed at or beyond the snow-line and then Type 1 nbégkdo it is current location
(Rogerset al,, 2011). If this is the case, then it is likely a system of waten sub-Neptunes

and water-worlds as discussed in Section 2.3.3. As we shaw8dction 2.3.3, Kepler-11b is
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very stable to mass-loss if it is a water-world. If it was i@y a water-rich sub-Neptune, it
could have easily lost its H/He layer in the first few 100 Myiikéwise, Kepler-11c-f are all
consistent having formed as water-rich sub-Neptunes wig®% of their mass in H/He.

The other possibility is that Kepler-11 is a system of waieor super-Earths that has
nonetheless undergone significant migration. For a grai@-fccretion disk that lasts &.9r at
550 K, the critical mass for run-away accretion drops 15 (lkoma and Hori, 2012). This
implies that Kepler-11b could possibly have formed as a m@ber super-Earth at or beyond
the current orbit of 11f. Nonetheless, this assumes a cdaiplgrain-free long-lived disk,
which may not be realistic. Furthermore, this scenarid Igtduires that Kepler-11b was90%
H/He when it formed, while all the other planets in the systemconsistent with more modest

initial compositions. As a result, we favor the water-rielbsSNeptune scenario.

2.5.2 Kepler 11: Mass Loss and Orbital Stability

One possible result of significant mass loss is that it camlokict the orbital stability
of closely packed multi-planet systems like Kepler-11. haligh this system is stable in its
current configuration, it might not be with the initial mass#etermined by our models. One
relatively simple stability check is to calculate the segpian between pairs of planets in terms
of their mutual Hill spheres. Figure 2.8 plots the separatiomutual Hill spheresA) between
adjacent pairs of planets at both 10 Myr and the presentjrdesgua water-poor super-Earth
composition.

Smith and Lissauer (2009) found that systems with five or npte@ets tended to

de-stabilize whe\ < 9. This threshold is shown as dashed gray lines in figure 2l.oAgh
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Kepler-11b-c currently lies well below this threshold, $agieret al. (2011a) showed that the
system is nevertheless stable today because planets b emdynamically decoupled from the
other four planets and so act more like a two planet systemtweoplanet systems the absolute
minimum stable separation i§ = 2y/3 = 346 (Gladman, 1993). This second stability threshold
is shown by the dotted lines in figure 2.8. The Hill radius gaeM,lj/3, as a result the change
in A from mass loss is relatively modest; nonetheless, theliyabi the system is in danger.
At 10 Myr, Planets d-e do lie below the approximate> 9 stability threshold; however, both
pairs on either side of d-e are still relatively stable whichy help stabilize the system. More
importantly, the separation of planets b-c at 10 Myr skisgerously close] = 3.818;‘51, to
the critical A > 21/3 stability threshold. More detailed modeling needs to heedo assess the
impact of mass loss on orbital stability; nonetheless,/Ahe 21/3 stability threshold provides
another strong reason to be skeptical of a water-poor dtaeh scenario for Kepler-11b.

The major caveat to this stability analysis is that we asstiratall of the orbits are
stationary even as the planets lose mass. This is motivgtdddams (2011), which showed that
in the presence of a modest planetary magnetic field XUV drivass loss from hot Jupiters
tends to come out along the magnetic poles. Assuming thahtdgnetic field is sufficiently
strong, dipolar, and perpendicular to the plane of the ptitiéin mass loss won'’t have any impact
on the orbit. In general however, the directionality of miss will be an extremely compli-
cated problem determined by the interaction of the ionizgdrdédynamic wind, the planetary
magnetic field, and the stellar wind. Boegal. (2012) showed that if the mass loss is directed
in the plane of the orbit, then it can have a significant impattoth semi-major axis and

eccentricity.
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2.6 Chapter Conclusions

In order to better understand the structure, history, anaé&bion of low-mass planets,
we constructed coupled thermal evolution and mass loss Isadavater-poor super-Earths,
water-worlds, and water-rich sub-Neptunes. The Keplegylstem represents a new class of
low-mass low-density planets that offers a unique testfbeduch models and gives us power-
ful insights on planet formation and evolution. Applyingstlunderstanding more broadly, we
find a relation between a planet’s mass, density, and itdémtiflux that matches the observed
population. Moreover, this threshold can help constramploperties of hundreds of planets.

Our primary conclusions are:

XUV-driven hydrogen mass loss coupled with planetary traravolution is a powerful

tool in understanding the composition and formation of lmass low-density planets.

e A coupled model is essential for this work, due to the muchdaplanetary radii in the

past, when XUV fluxes were significantly higher.

¢ In situ formation of the Kepler-11 system is disfavored téasl it could be a system of

water-rich sub-Neptunes that formed beyond the snow line.

¢ If Kepler-11b is a water-poor super-Earth then it likelyrferd with~ 90% H/He beyond
0.25 AU. We believe this is unlikely and instead show that kel b-f all could have
originated as water-rich sub-Neptunes with20% H/He initially. If this is the case,
Kepler-11b could have lost its H/He envelope and become erwairld today for a wide

range of initial masses and compositions.
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There is a sharp observed threshold in incident flux vs. pldessity times mass above
which we do not find planets with H/He envelopes. To date, d@msity planets have not

been found above this threshold.

This mass loss threshold is well reproduced by our coupledrihl evolution and mass

loss models.

This threshold can be used to provide limits on planet masadius for the large popu-

lation of low-mass low-density planets without measureasitaes.

In particular, we have identified promisit¢gplertargets for RV follow-up.

44



T T T T T T T T T T T I
5__ —_ Fp(FGB)
[ e ‘ 110,000
41 + U N -
m@ : dl : 1,000
\m/ i C T 100% Water ]
=3 3 Bt —
-3 - f T T_____ 50% Water E
£ [ * /-,,i o o---mT 77T 1 100
B B ///b /_,””, Earth ]

§ 20 = - ]
= % 1 1
1 .

[ 1
(0] N T M I B B ]
0 5 10 15 20 25

Planet Mass (M,)

Figure 2.1 Radius vs. mass for transiting exoplanets witasueed masses, along with curves
for different compositions. Planets are color-coded byittisglent bolometric flux they receive.
Kepler-11 planets are shown by filled circles with lettedicating each planet. Other known
exoplanets in this mass and radius range are shown by oparesgbolar system planets Earth,
Venus, Uranus, and Neptune are shown by black letters. Tiugtdack curve is for a Earth-like
composition with 2/3 rock and 1/3 iron. All other curves ugk thermal evolution calculations,
assuming a volatile envelope atop a earth like core. Theedbblue curves are for 50% and
100% water by mass. The dotted orange curves are for H/Hdogrageat 8 Gyr; each one is

tailored to match a Kepler-11 planet and is computed at tpeogpiate flux and for that planet.
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Figure 2.2 Radius vs. time for four example model runs thachéhe present day mass and
radius of Kepler-11b. The blue curves show water-world nigdehile the orange curves show
water-poor super-Earth models. Dashed lines are with nagss While solid are without. Both
water-world models and the water-poor super-Earth modilout mass loss show very similar
cooling curves. Even with our standard efficiency of 10% tladervmodels undergo only minor
mass loss. Meanwhile, even with an efficiency gmaller the H/He model undergoes substan-
tial mass loss. This model is initially 14% H/He and 51@,. We have marked the masses for
the H/He with mass loss model at 10 Myr, 100 Myr, and 1 Gyr. Hgs shows the large impact

on radius that even a modest (compared to Figure 2.3) H/He@pe can have.
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Figure 2.3 Mass vs. time with mass loss for three model ruatsrttatch the present day mass
along with its I range for Kepler-11b. All three models assume a water-papeisEarth
composition that is 0.3% H/He today. The curves are coldedoby log density. The solid
line corresponds to the best fit current mass from TTV, théneddines correspond to ther 1
bounds. This demonstrates several features describee itexh The initial mass is actually
lower if Kepler-11b is more massive today due to a correspmiygl more massive core. There
is a period of runaway mass loss during which the densityadlgtaleclines slightly, and the

timing of this period depends strongly on the mass of theyacke.

47



100.0F

10.0}

% H/He on Rock
=
1

Rock/Iron Interior ]

TL]} .

O
T L

g

H
o
oL

10.0

% H/He on Water + Rock

Water + Rock/Iron Interior
.

10 100
Planet Mass (M)

<
=

—_

Figure 2.4 Composition vs. mass for models of Kepler-11 witss loss. Panel a) shows the
results for water-poor models with a H/He envelope atop &/man core. Panel b) shows the
results for water-rich models that also have a thick watgeddn between. Each point shows
the % H/He and mass predicted by our models at a given timéh &aor indicates a particular
planet as identified by the letters and connected by dashesd. liThe open squares show the
present day mass and composition as listed in table 2.1. Mdgkdircles show the results at 100
Myr and the open triangles show the results at 10 Myr as ligt¢éables 2.2 and 2.3. Kepler-11b
is extremely vulnerable to H/He mass loss, and would have bpdéo~ 90% H/He if it formed

as a water-poor super-Earth. All five planets are consistéththaving initially been water-rich

sub-Neptunes with comparable amounts of rock and water&@36 of their mass in H/He.
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Figure 2.5 Bolometric flux at the top of the atmosphere, nadeb the flux incident on Earth, vs.
planet density. Once again, Kepler-11 planets are showrilég Gircles with letters indicating
each planet. Open squares show the other extrasolar plawcgiged in Figure 2.1. Colors
indicate possible compositions. Planets that could beyrac red, those that could be water-
worlds are blue, and those that must have H/He are orangecdrgparison, the gray crosses
show all other transiting planets with measured massedayréfean 15M4, and less than 100
Mg . The dashed black lines show curves of constant mass lodgftment mass loss rates and
ages, assuming our standard mass loss efficiency of 20%ll\i-ih@ shaded letters at the left
indicate the densities for each Kepler-11 planet at 100 Mgudjoted by our mass loss evolution

models in Section 2.3.2.
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Figure 2.6 Similar to Figure 2.5 except here we have muéiiplihe x-axis by planet mass.
Once again, Kepler-11 planets are shown by filled circledlendpen squares show the other
extrasolar planets included in Figure 2.1. Colors indiqadssible compositions. Low mass
planets that could be rocky are red, those that could be waidds are blue, and those that
must have H/He are orange. For comparison, the gray crobsesadl other transiting planets

with measured masses greater thanM§ and less than 10Mg. There is a threshold in

this diagram above which there are no observed transitinggté. Moreover, this threshold
corresponds to a critical mass-loss timescale (see eq. @&&hown by the dashed black line.

We discuss this threshold in the context of XUV driven mass lo section 2.4.
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Figure 2.7 This shows the resultsof 1000 thermal evolution and mass loss model runs which
reproduce the mass loss threshold seen in Figure 2.6. Eaeth plats incident bolometric flux

in F5 vs. planet densiti mass for different ages and mass loss histories. Each osited
according to its mass and colored according to its compositissuming a H/He atmosphere
atop an Earth-like core. The top left panel shows the indiatribution of the models before
any mass loss has taken place. The other two top panels skaitsrat 100 Myr and 10 Gyr
for our standard mass loss efficieney=0.1). Meanwhile the bottom panels show the results
at 1 Gyr for three different mass loss efficiencies rangitgnfiextremely inefficiente(= 0.01),

to extremely efficient mass loss £ 1). As planets lose mass, the points shrink, move to the
right, and become bluer. The dashed line in panels 2-6, isdhge as the black dashed line
in Figure 2.6 corresponding to critical mass loss timescahe threshold in Figure 2.5 is well
reproduced by models with= 0.1, which is also the approximate value implied by detailed

models as discussed in Section 2.2.3.
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Figure 2.8 Separation between adjacent pairs of planetepigi11, in terms of their mutual
Hill spheresA. The x-axis shows the separations in terms of the currertsiileres, while
the y-axis shows the predicted Hill spheres when the systasn® Myr old assuming a water-
poor scenario and that the planets remained stationarydasteed lines show the approximate
A > 9 stability threshold for five planet systems from Smith arisshuer (2009). Likewise,
the dotted lines show thA > 2./3 stability threshold for two planet systems from Gladman
(1993). Importantly, the b-c pair drops dangerously clas¢éhe A > 2+/3 critical threshold
for dynamical stability in two-planet systems. This is dr@treason we disfavor a water-poor

super-Earth scenario for Kepler-11b.
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Chapter 3

The Role of Core Mass in Controlling
Evaporation: The KeplerRadius Distribution

and The Kepler-36 Density Dichotomy

3.1 Chapter Introduction

The Kepler-36 system (Cartet al., 2012) is a fascinating case-study for theories of
planet formation and evolution. It contains a closely spagair of super-Earth mass planets
with periods of 13.8 and 16.2 days orbiting a slightly eval\8+ 1.0 Gyr old G1 sub-giant
that is 2.9 times more luminous than the Sun. Although toot flr reliable radial velocity
measurements, the system exhibits strong Transit Timimgtans (TTVs), which allowed the
planet densities to be determined to better than 10% poec{§iarteret al., 2012). Surprisingly,
despite their extremely similar orbits, the planets havesdees that differ by almost an order of
magnitude. The inner planet Kepler-36b has a massxot 4.3 Mg, and a density of 2+0.7
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geni3, fully consistent with an Earth-like composition. Meanletthe outer planet Kepler-36¢
has a mass of.8+3¢ Mg but a density of only 87+ 0.05 gcnT3, meaning that it must have a
substantial H/He envelope (Cartgral., 2012).

This poses an interesting problem for theories of planeh&tion and evolution: how
is it that two planets in the same system with very similathhigrradiated orbits arrived at
such radically different densities today? One possibiktghat the planets simply formed in
very different environments. Models of core accretion shbat it is much easier to accrete
a substantial H/He envelope when the local disk temperaloaver (lkoma and Hori, 2012).
Perhaps Kepler-36b formed at or close to its current orbitankepler-36¢ formed substantially
further out and migrated inwards (Ida and Lin, 2010).

However, another possibility is that the planets did fornsimilar environments, but
that subsequent evolution has caused them to diverge. ticydar, photo-evaporation due to
extreme ultra-violet (XUV) heating can remove large amewfthydrogen/helium from highly
irradiated planets through hydrodynamic mass loss. ManfeXdJV-driven mass loss were first
developed to study water loss from early Venus (Hunten, 1B&8ting and Pollack, 1983), and
hydrogen loss from the early Earth (Sekighal, 1980; Watsoret al, 1981). These kinds of
models were further developed to study mass loss from hatelge.g., Lammeet al,, 2003;
Yelle, 2004; Murray-Clayet al., 2009), where there is clear evidence that atmospherigesca
is an important physical process. This includes both tréndke population of hot Jupiters
(Lecavelier Des Etangs, 2007; Hubbatdal., 2007b,a; Davis and Wheatley, 2009; Ehrenreich
and Désert, 2011) and direct detections of atmospheripegtadal-Madjaret al., 2003, 2004;

Linsky et al, 2010; Lecavelier Des Etangsg al., 2010; Lecavelier des Etangd al., 2012;
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Haswellet al., 2012; Ehrenreictet al., 2012). More recently, mass loss models have been
used to study the new populations of super-Earths and spbuNes being found by transiting
surveys like CoRoT an#epler (Jacksoret al, 2012; Owen and Jackson, 2012; Lopzl.,
2012; Wu and Lithwick, 2013; Owen and Wu, 2013).

Recently, in Lopezt al. (2012) we showed that exoplanet compositions are subject
to a photo-evaporation threshold. Observationally theeen® planets with low bulk density
and high incident flux, implying that low-mass planets witibstantial H/He envelopes do not
exist in this area of parameter space. Following Lecav@lies Etangs (2007) who studied hot
Jupiters, Lopeet al. (2012) were able to show that this threshold can naturallgx{pdained as
a critical mass loss timescale. Detailed models in Logteal. (2012), which include coupled
thermal and mass loss evolution, reproduced this threshitifidstandard mass loss efficiencies.
We further showed that many of the super-Earths and Neptimesl by theKepler mission
including those in Kepler-11(Lissauet al, 2011a) and Kepler-36 lie along this threshold,
indicating that these planets may have undergone sulmtamtiss loss in the past. Here we
show that photo-evaporation can be controlled by the maagptdnet’s rock/iron core and that
this provides a natural explanation for the divergent d@ssof Kepler-36 b&c. This process
allows both planets to form with similar compositions andimilar environments before being
sculpted by their different mass loss histories.

In addition to detailed studies of individual systems likexter-36, there is a growing
body of literature examining the overall distributionéplerplanet candidates. Detailed stud-
ies of planet occurrence rates by Petigatal. (2013b) and Fressiet al. (2013) have recently

shown that is a sharp drop off in the frequency of planets eBt®8 R, at least within 50 and
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85 days respectively. In contrast, planets with r&gfti8 R, seem to be equally common. Like-
wise, Howardet al. (2012) and Youdin (2011) showed that there is a drop off infteguency
of candidates at extremely short perigg&0 days; moreover, this drop off is particularly acute
for sub-Neptune sized planets. In multi-planet systemardCet al. (2013) showed that there
is a tendency for outer planets to be larger than inner phaimethe same system, particularly
when those planets are smaller than Neptune and on giBiisdays.

Models have shown that photo-evaporation and thermal #oalcan significantly
alter the H/He inventories of super-Earth and sub-Neptiredgplanets (Baraffet al., 2006;
Lopezet al, 2012; Owen and Wu, 2013). Moreover, planet structure nsoldale shown that
changing the mass of a planet’'s H/He envelope has a largectrapéts resulting radius (Rogers
and Seager, 2010b; Lopet al, 2012). As a result, models of thermal and mass loss evolu-
tion can shed light on many of the observed trends in the sadistribution ofKepler planet

candidates.

3.2 Our Model

For this work, we have used the coupled thermal evolutionraads loss model pre-
sented in Lopezt al. (2012), where additional model details can be found. Sinmiadels
have been used to track the coupled evolution of rocky sHpeths (e.g, Jacksaet al.,, 2010;
Valenciaet al, 2010; Nettelmanet al., 2011), hot Neptunes (e.g, Bara#feal., 2006), and hot
Jupiters (e.g, Baraffet al., 2004, 2005; Hubbardt al., 2007b,a). Beginning shortly after the

end of planet formation, we track planetary mass and radius fanction of age. The use of

56



coupled model is essential, because planetary radii agedaat young ages, when stellar XUV
fluxes are highest.

At a given age, a model is defined by the mass of its heavy elecoes, the mass of
its H/He envelope, the amount of incident radiation it reesj and the internal entropy of its
H/He envelope. Here we assume an isothermal rock/iron calean Earth-like 2:1 rock/iron
ratio, using the ANEOS olivine (Thompson, 1990) and SESAME®Fe (Lyon and Johnson,
1992) equations of state (EOS). For the H/He envelope warassufully adiabatic interior
using the Saumoat al. (1995) EOS.

In order to quantitatively evaluate the cooling and coritoexcof the H/He envelope,
we use a model atmosphere grid over a range of surface g@wwtid intrinsic fluxes. These
grids relate the surface gravity and internal specific gaytrto the intrinsic flux emitted for a
given model. These radiative transfer models are computadJaanus and Neptune-like 50
solar metallicity atmosphere using the methods describdebitneyet al. (2007) and Nettel-
mannet al. (2011). These atmosphere models are fully non-gray, i.ecel@agth dependent
radiative transfer is performed rather than simply assgnairsingle infrared opacity. In addi-
tion, we include heating from radioactive decay in the raok/ core and the delay in cooling
due to the core’s heat capacity. In order to correctly deiteera planet’s mass loss history, it is
vital to include these thermal evolution effects, sincestheill strongly affect a planet’s radius
over time. Radius, in turn, has a large impact on the masgébssas seen in Equation 3.1.

Close-in planets like those in Kepler-36 are highly irragliaby extreme ultraviolet
(EUV) and X-ray photons. These photons photo-ionize atamyitrogen high in a planet's

atmosphere, which in turn produces significant heating {elun1982). If this heating is large
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enough, it can generate a hydrodynamic wind that is capdbsknmoving significant mass. We
couple this XUV-driven mass loss to our thermal evolutiondels using the energy-limited
approximation (Watsomt al, 1981). This allows a relatively simple analytic descoptiof

mass loss rates.

o 67"'FXUV R?(UV
Me-lim ~ 7GMpKtide (3.1)
3 1
Ktide = (1_2‘*@) (3.2)
Ry
= 3.3
3 Reoy (3.3)

Equation (3.1) describes our estimate of the mass loss astedoon the formulation
from Erkaevet al. (2007). Fxyy is the time-dependent total flux betweer 1200 angstroms,
which is given by Ribagt al. (2005) as a function of age for Sun-like staRxyy is the plane-
tary radius at which the atmosphere becomes optically tttickUV photons, which occurs at
pressures around a nanobar (Murray-Géal., 2009).Kjige is a correction factor that accounts
for the fact that mass only needs to reach the Hill radius ¢tas (Lecavelier des Etangsal,
2004; Erkaewet al, 2007). Finally,e is an efficiency factor that parametrizes the fraction of
the incident XUV flux that is converted into usable work. Hoistwork we use = 0.1 based
on the observed photo-evaporation threshold describedpetet al. (2012). This value is
similar to the efficiencies found by Owen and Jackson (20W2)jng more sophisticated photo-
evaporation models for hot-Neptunes they found mass |dssegicies that varied from 0.05 to
0.2.
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It is important to note, however, that efficiencies of ordet0% are only relevant
for planets on orbits similar to those found in Kepler-36 apler-11, i.e. orbits ok 10—-50
days for Sun-like stars. For more irradiated planets-dna3 day orbits, the mass loss efficiency
will be significantly lower due to additional cooling fromaambination, while further out in
the habitable zone the evaporation is no longer hydrodynéitirray-Clayet al,, 2009; Owen
and Jackson, 2012). Finaly, we make an additional consesvatodeling choice by starting
mass loss at an age of 10 Myr, since stellar XUV fluxes and pdayeadii post-formation are

not well understood at even earlier times.

3.3 Kepler-36: Explained by Mass Loss?

Before we determine the possible mass loss histories ofek@fib & ¢, we must
first examine their present day compositions. For Kepldr;36is is relatively straightforward
since its density is consistent with a rocky compositionthatit a H/He envelope. In this case
we find that it should be 28431 % iron, consistent with an Earth-like rock/iron ratio. This
is derived by matching the observed mass and radius withtaustsre models in the absence
of any H/He or water envelope. Likewise, the error bars idelthe observeddluncertainties
in mass and radius. In contrast, Kepler-36¢ has much lowesityeand requires a substantial
H/He envelope to explain its radius. To estimate its predapicomposition, we ran our thermal
evolution models in the absence of any mass loss. To expéaiuiirent radius Kepler-36¢c must
be 86+ 1.3% H/He, assuming an Earth-like core. To calculate the drars we varied the

planetary albedo from 0-0.8 and the heat capacity of theyracke from 0.5-1.0 JR g2.
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Figure 3.1 Possible mass loss histories for Kepler-36b & e @urves plot the mass fraction
in the H/He envelope vs. time, while the colors indicate ealelnet’s density at a given age.
Likewise the inset shows the radius evolution of each plafdte black points on the right
hand side indicate the current compositions of Kepler-36h &hile the text lists the rock/iron
mass predicted for each planet. Currently, Kepler-36c¢iregu 8% of its mass in H/He, while
Kepler-36b is consistent with an Earth-like compositiormnidtheless it is possible both planets
formed with~ 22% H/He, but subsequent mass loss has distinguished thero differences

in their core masses. This provides a natural explanatiothéolarge density contrast seen today
in this system. Such evolutionary histories are a genericavae of our evolution calculations,

with a wide range of initial H/He masses and mass loss effitsn

60



We also included the observed uncertainties in mass, radimgent age, and incident flux. In
addition, for Kepler-36b we can set an upper limit on the @nege of any H/He envelope. It
must be< 0.1% H/He, assuming a maximally iron rich core (Maraisl, 2010).

By knowing the present day compositions, we can determimentiss of each planet’s
core. For Kepler-36b it is simply the observed mass from T,A&+ 0.3 Mg, while for Kepler-
36¢citis 7.418;2 Mg. Using these core masses, we ran fully coupled models imguzbth mass
loss and thermal evolution, in order to determine the ihd@nposition each planet had after
formation. To ensure consistency, we check that these mad#h mass loss are still able to
reproduce present day radius.

Figure 3.1 shows the results of our coupled mass and thewohlt®n models for
both planets in the Kepler-36 system. The model assumedbdtiatplanets formed at their
current orbits with the same initial H/He mass fraction. laarve plots the fraction of each
planet's mass in the H/He envelope vs. age, while the cahdlisate the planet's density at that
age. The black points at the right indicate the current agkcamposition of the Kepler-36
planets. We also show the radius evolution of both planeasiimset. Such large radii at young
ages are a generic outcome of evolution models, since the Eidkdelopes are warm and are not
degenerate. See Mordasetial. (2012) for a wider exploration of planetary radii for low-s8
planets with H/He envelopes as a function of age.

At 10 Myr, when we start photo-evaporation both planets-art0 Ry,. Kepler-36b
rapidly contracts as it loses mass and is down-t@ R, by 100 Myr. Kepler-36¢ is also
vulnerable to mass loss. To have retained its current 8% blieH{epler-36¢ would need to

have been formed with 22% H/He at 10 Myr and a mass of\:4 Since Kepler-36b is
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consistent with no H/He envelope today, we can only set ulgpés on its initial compaosition.
However, if we assume that it formed with the same initial 22%de as 36c¢, then it would have
lost its entire H/He envelope by the time it was 2 Gyr old. Tkhes large discrepancy in the
present day densities of the two planets, can naturally piiged by the fact that Kepler-36b
is significantly more vulnerable to mass loss than Kepler-36

However, this leads to the question, why is Kepler-36b sohrmore vulnerable
than its neighbor? Although it does recene24% more incident radiation than 36c¢, this alone
produces far too small an effect to explain the necessaigrdiice in mass loss histories (Carter
et al, 2012). Instead, it is caused almost entirely by the diffeesin the masses of the two
planets. As shown in Lopet al. (2012), planetary radius at fixed composition is relativiédy
as a function of mass for 1-20 Mg planets with significant H/He envelopes. As a result,
density for these planets goes roughly like the mass. Sheenss loss rate is proportional to
the inverse of the of the average densifyp lthe mass loss timescale goes IMg x 5 or MS.

However, rather than considering a planet’s total massytates useful to consider
simply its heavy element mass today. Unlike the current totss and bulk density, the heavy
element mass should remain essentially constant as a mlangtcts and loses its H/He en-
velope, providing a useful tool for estimating a planet’'sssiboss rate throughout its history.
For simplicity, we assume here that the heavy elements akedbin a silicate/iron core, al-
though it is also possible that some of these metals couldikedninto the H/He. Of course
at a given composition, the mass of this rocky chtgye is proportional to the total masd,,.
Thus the mass loss timescalg goes roughly likeMZ,,.. We calculate that Kepler-36¢’s rocky

core should be 65% more massive than that of Kepler-36b. Asudtr we predict that the mass
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loss timescale for Kepler-36b was3 times shorter than for Kepler-36c¢.

In Figure 3.1, we have presented one possible scenariod@avbiution of Kepler-36.
These results are insensitive to any reasonable variatititeimass loss efficiency or the initial
envelope fractions. For mass loss efficiencies signifigdets than 0.1, it is not possible to
construct a scenario where both planets b and c¢ started tlitigeintical envelope fractions.
Nonetheless, even for lower efficiencies it is still quitesgible that both planets started off with

substantial amounts of H/He but that Kepler-36b lost itegas envelope to mass loss.

3.4 The Role of Core Mass

3.4.1 A Parameter Study

The Kepler-36 system clearly demonstrates that the mas®ladution of planet de-
pends on more than just the incident XUV flux that a planetivese In Lopezet al. (2012) we
showed that there is a threshold in the observed populafitramsiting planets with measured

densities and H/He envelopes. This threshold is well desdrby a critical mass loss timescale:

2
GMp Fo

— = 12Gyr 34
meR3Fxuv E100 Fp Y (3.4)

tioss =

Here F, is the incident bolometric flux that a planet receives fromparent star,
Fg is the current bolometric flux that the Earth receives from 8un, and~xyv g100= 504
ergstcm™ is the XUV flux at the Earth when it was 100 Myr old. In Lopetzal. (2012) we
then performed a simple parameter study to show that thisalrimass loss timescale was well
reproduced by our coupled thermal and mass loss evolutiafelso
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In order to better understand in detail how mass loss ewlutepends on the mass of
a planet’s rocky core as well as the incident flux and massdfigsency, we greatly expanded
the parameter study from Chapter 2. Beginning at 10 Myr, weosger 6000 evolution models
varying the incident flux, core mass, compaosition, and mess éfficiency. We then recorded
the radius, mass, and composition at different ages. Tlieagrinitial conditions was evenly
spaced logarithmically, with incident flux varying from-1L000F, the rocky core mass from
1-64 Mg, the initial H/He mass fraction from 0.1-80% H/He, and thessiass efficiency from
0.01-1.0. Figure 3.2 summarizes the results. In each paediave plotted the incident flux
vs. the core mass. Each circle corresponds to an individaakep that is color-coded by the
fraction of its initial H/He envelope that is lost by the agelicated on the panel. At each
point we overplotted multiple models with different initeompositions, in each case the size
of the circle corresponds to the initial mass fraction inltiele envelope. Finally the different
panels compare results at different times and for diffemaass loss efficiencies. The top three
panels show the results using our standard mass-loss effycé 50 Myr, 100 Myr, and 1 Gyr.
Meanwhile the bottom three panels show the results at 5 Gypieal age forKeplersystems,
for mass loss efficiencies of 0.01, 0.1, and 1.0.

Clearly, the mass loss history of a planet depends stronglyoth the incident flux
and the mass of the rock/iron core. The indigo models in thetaight of each panel have
lost a negligible fraction of their initial H/He envelope.hdse models have either relatively
massive cores and/or receive little incident flux and so rwsssis unimportant to the evolution
of planets in this part of parameter space. On the other ithedjark red models in the upper

left with low mass cores and high incident flux have compieliest their entire H/He envelopes.
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This region of parameter space should be filled with hightydiated rocky planets like CoRoT-
7b and Kepler-10b (Légeat al., 2009; Quelozt al,, 2009; Batalhaet al.,, 2011).

In between there is a transition region where mass loss isrirapt but at least some
of the models are able to retain a H/He envelope. This tiansiegion is relatively narrow,
spanning less than an order of magnitude in incident flux fgivan core mass. For models in
this transition region the relation between the size of tial H/He envelope and the fraction
of the envelope lost is extremely complicated and not alwagsotonic. There is trade off
between the fact that planets with small initial envelopagehrelatively little mass in those
envelopes to lose, and the fact that planets with largealretivelopes have larger initial radii
and therefore experience much higher mass loss rates. Faelsat early times and/or low
mass loss efficiency, the fraction of the envelope lost imes with the initial envelope fraction.
On the other hand, at late times and/or high mass loss effieigiit is the planets with small
initial envelopes that are most vulnerable. As a result, mafc¢he scatter in characterizing this
transition region is determined by variations in the init#He envelope fraction.

In addition, the bottom three panels of Figure 3.2 make iarcthat the location of
this mass loss transition region depends on the mass loseerfy. This makes sense; it is of
course easier to remove more mass if the photo-evaporatioroie efficient. Below, we will
show that this behavior can also be well approximated as &plaw. In contrast, the behavior
with age is more like an exponential decay. Most of the maksstdn the first 100 Myr, while
a comparison of the top right and bottom middle panels shbassrelatively little mass is lost
after 1 Gyr.

Likewise, in each panel the threshold for significant mass kkan be described as a
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power-law. If we define the criterion for significant massslés be the evaporation of half the
initial H/He envelope by several Gyr, then at a given age aadsoss efficiency this defines
a power-law relation between the rock/iron core mass andhieshold incident flux needed
for substantial mass loss. The slope of this power-law ightwRy, oc M24., as discussed in

section 3.4.3.

3.4.2 Why Core Mass?

The virtue of studying mass loss trends vs. core mass is tladibws us to define
a narrow band of parameter space in Figure 3.2 where thesgrefgtails of mass loss are
important with relatively little scatter due to variatiomsthe initial H/He envelope mass. The
currently observable planet properties, such as presemnpldaet mass, radius, and density, are
themselves highly dependent on the mass loss history arefdhe on other unknown variables
like the mass loss efficiency and initial composition. Thiakes it difficult to separate the
effects of variations in current planet mass from variagionother parameters like incident flux
or mass loss efficiency. On the other hand core mass repsearnhitial condition which is
constant throughout a planet’s mass loss history.

Rather than core mass we could alternatively choose to dtedyls against other
theoretical parameters like the initial envelope mass itialrtotal mass after formation. Like
core mass, these parameters are independent of any subsetpss loss evolution; however,
in our models these parameters also less adept at predibibgnass loss evolution. In Figure
3.3 we show howfieg, the fraction of a planet’s initial H/He envelope that istjagepends on

the core mass, the initial envelope mass, and the total reas$ of the different curves is for a
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different initial compositionfenveiopevarying from 1-60% H/He. All the models are computed
at 100Fg, assume = 0.1, start at 10 Myr, and end at 5 Gyr.

Ideally we want a parameter that minimizes the scatter batweodels with different
initial compositions. Initial composition is not directbbservable, and determining a planet’s
mass loss history is a much more model-dependent exer@sedstermining its current com-
position. For observed planets like those in Kepler-3 fitassible to tightly constrain the mass
in a H/He envelope, even without the coupled thermal evatuthodels used here (Rogers and
Seager, 2010b). Moreover, as we show in Figures 3.4-3.@¢d¢revith composition are com-
plicated and cannot be described by a simple power-law. Pawmsmeters that minimize the
scatter between models with different initial composiicare much better predictors of mass
loss evolution. Comparing panels a) and b) in Figure 3.3 déar that plottingfigst VS. core
mass produces vastly less scatter than plotfigg vs. initial envelope mass. In panel c) we
see that initial total mass is a reasonable predictdigf but with about twice as much scatter
as in panel a). Unique among a planet’s propertMs,e is unchanged throughout a planet’s

evolution, is relatively model independent, and is a strpreglictor of mass loss evolution.

3.4.3 Scaling Relations for Coupled Mass Loss Evolution

In order to quantify the dependency of mass loss on initialdié@ons, we examine
how the location of the mass loss transition region varigh @&ach variable independently. This
allows us to understand the qualitative behavior of our detepmodel in terms of a few simple
scaling relations. Such relations can be used for quick aladively accurate estimates of the

importance of mass loss for detected planets.
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We start by definindr, as the threshold flux for a model with a given core mass, mass
loss efficiency, age, and initial composition to lose halitefnitial H/He envelope. Holding all
other variables fixed we examine hdyy varies with each parameter and try fitting a power-law
relation. We then vary the other parameters across ouregomdirameter study and examine the
scatter in these power-law fits. The dependencipdn Mcere, €, and figs; (the fraction of the
initial H/He envelope that is lost) are all well fit by powerals. As we previously described,
the age dependence can be described as an exponential BecaylMg, core ands = 0.1, the

best fit exponential decay is:

Fin ~ exp ((t — 140 Myr)/80 Myr)Fg +3.4Fg (3.5)

Meanwhile for systems older than 1 Gyr, age dependence tispartant, allowing us to study
Fi independently of age.

Figure 3.4 shows in detail how the threshold flux and the arhotid/He lost depend
on each variable in our parameter study according to ounthkand mass loss evolution model.
For clarity we have picked representative values for the coass, mass loss efficiency, and the
initial composition, but the results shown are generalzaltross the entire parameter space.
The default values correspond roughly to those for Keper-&an 8Mg, core,e = 0.1, and an
initial composition of 20% H/He. Likewise, we choose modgtere 50% of a planet’s initial
envelope has been lost. We then vy, €, and composition one at a time. For clarity, in
each panel we list the variables that are being held constant

In Figure 3.4a we examine holg, depends oMqre. This is well described by the
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over-plotted power-law witlfy, oc M2 This power-law is closely related to the critical photo-
evaporation timescale that we described in Lopeal. (2012), where the mass loss timescale
tmi goes likeMpp/Fy. This corresponds to the transition region in Figure 3.2cdse super-
Earths and sub-Neptunes contain most of their mass in airoekzore, p, Mp, andMcgre all
correlate strongly with each other, which implies thatoc Mpp o< M2, Our fitted power-law,
Fin o< M2t is slightly steeper than the simplé2 dependence we would expect analytically.
The difference is due to the slight dependence of radius mnroass.

Likewise in Figure 3.4b we examine hdw, depends of. This is also well fit by a
power-law, however it is intriguing that the dependence: @ not quite inversely linear as it
would be in a simple mass loss timescale. This is one of tleeisfiof coupling mass loss and
thermal evolution. All other things being equal, as the mass efficiency increases, the mass
loss timescale becomes shorter while the thermal coolingdcale is relatively constant. As a
result, the radius decreases more slowly as mass is loshingethat slightly more mass will
be lost over a planet’s history. This means thgl; increases more than linearly wigh In turn
this means that for fixediost, R decreases less than linearly withWe can summarize both

these trends in a single equation:

M 2:4+04 -0.7+0.1
Fth = OSF@ < '\/Tore> (%) (36)
@ .

Equation (3.6) describes the results of our power-law fitgHe location ofFy. This
is the incident flux a planet needs to receive from its paramtte remove half a planet’s initial

H/He envelope over the planet’s lifetime, as a function aeamasiMcqre, photo-evaporation
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efficiencye, and the flux that the Earth receives from the $un This was derived by fitting
to all the models in our parameter study and the error barespond to the & errors in those
fits. Unfortunately, the dependence on initial compositgsignificantly more complicated and
cannot be described by a simple power-law.

In Figure 3.4c we ploty, against the initial mass fraction in the H/He envelope at
10 Myr. For modest initial H/He envelopes, up4060% of the planet’s total mass, increasing
the H/He mass does not significantly affégt. However, above this point the envelope’s self
gravity becomes sufficiently strong that density increasgadly and it becomes increasingly
difficult to remove any mass. At the same time, since theseetdchave such massive envelopes,
removing a few Earth masses of H/He has a much smaller impettiair overall composition.
Figure 3.5 shows the other main effect of varying the initi@nposition. Here we show how
the Mcore— Fih power-law index from Figure 3.4a depends on the initial cositon. In general,
as we increase the initial envelope mass, the radius-coss netation becomes slightly steeper
leading to a steepening of tiyore— F relation.

In Figure 3.6 we complete the picture by showing how the arhofimass lost de-
pends on all these aspects. We dlg;, the fraction of the initial envelope that is stripped after
5 Gyr, vs. the ratio of the incident flux and the threshold flesctibed by equation (3.6). The
relation is roughly linear as described by equation (3. Heme if fiost > 1 then the planet is

completely stripped.

F 1.1+4+0.3
flost = o.5<—'°> (3.7)
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Finally, in Figure 3.7 we examine the quality of these singsalytic approximations
compared to full results of our actual models. Here we pletrétio of our full model and the
analytic results of equations (3.6) and (3.7) vs. the intiiamposition. The error bars represent
the 1o scatter due to variations Mcgre, €, and fiost. FOr initial compositions that are less then
~ 60% H/He, the two generally agree with each other to withiacdr of 2. For more massive
initial envelopes, the analytic description breaks dowd awerstates a planet’s vulnerability
to mass loss. Also, it is important to keep in mind that thesimdi equations are only rough
approximations of the fully coupled evolution models andwgtl not be used to make detailed
predictions for individual planets. Nonetheless, thesgatigns are valuable in understanding
the qualitative behavior of our complete model and in maldtadistical comparisons to large

populations of planets.

3.4.4 Comparison to Observed Population

Figures 3.2 and 3.4 make a clear prediction about which asteuld be most vul-
nerable to mass loss. In addition to the incident XUV flux thaanet receives, its mass loss
history should depend strongly on the mass of its rock/irore c Planets that are either highly
irradiated or have low mass cores are more vulnerable tmdoany primordial H/He enve-
lope. Thus we expect that we should not find planets with Hiwelepes above thg, —Mcgre
threshold relation in equation (3.6). Any planets that ae#l @bove this relation should either
be rocky, or water worlds which are less vulnerable to mass (bopezet al., 2012), or have
H/He envelopes so large that equations (3.6) and (3.7) dosak

Figure 3.8 shows incident flux and core mass for all obsemaatsiting planets with
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well defined masses less than 10@@, and radii less than 1.R; from exoplanets.org (Wright
et al, 2011). Two planets were removed by the radius cut since dheknown to be inflated
and it is impossible to accurately determine a heavy elermess for these planets. To calcu-
late core masses for the other 29 planets we ran water-fezeng evolution models without
mass loss for each planet. The error barsvgre include the observed uncertainties on mass,
radius, and age as well as theoretical uncertainties orrohnefiaction and thermal properties
of the rocky core (Lopeet al, 2012). Each planet is color-coded by its current H/He empel
fraction. The red-brown open circles are planets that ansistent with being rocky today. The
dashed black line shows tiig, — Mcore relation from equation (3.6) scaled up by a factor of two
so that equation (3.7) predicts complete stripping rathman bnly removing half the initial H/He
envelope. Although the uncertainties are large, all thegtawith substantial H/He envelopes
are consistent with being to the right of this threshold. I@f six planets that lie to the left of
the threshold, three (Kepler-10b, CoRoT-7b, and Kepldr}20e consistent with being rocky

and the other three with being water worlds (55 Cancri e, &ep8b, Kepler-20c).

3.5 Effects on Planet Radii

3.5.1 Trends in the Radius-Flux Distribution?

Thus far we have examined the effects of thermal and mas®ladstion on planet
mass and composition. However, for the vast majoritiKeplercandidates neither of these can
be determined. As a result it is worth examining the prediwithat our parameter study makes

for planet radii. Figure 3.9 shows the radius-flux distribntof the models in our parameter
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study after 10 Gyr of thermal and mass loss evolution. As dmden, we ran models on a log
uniform grid of incident flux, core mass, and initial envedojpaction. Points show individual
models colored by their final H/He fractions while the gratecboxes show the density of
points in the distribution. In order to directly compare hvitther recent studies described below,
we limited ourselves to core masse45 Mg, which also corresponds to the high end of core
masses that will trigger runaway accretion (Movshoetal., 2010). Modest variations of the
maximum core mass, from 10-20.,, do not qualitatively change any of the results described
below. Planets with more massive cores, will have likelyamydne runaway accretion and have
final radii > 4 R. In addition to varying the core mass, initial envelope fi@t, and incident
flux, we have also varied the iron fraction of the rocky coresithis will smear out any trends
with radius. We varied the iron fraction uniformly from pusiicate rock, to the maximum iron
fraction allowed by collisional stripping;v60-80% in this mass range (Marcaesal, 2010).
For simplicity we restricted ourselves to only a single age aur standard mass loss efficiency
0.1.

Our parameter study here is not meant to produce a realadias-flux distribution.
Our choice of a log uniform distribution in core mass, enpeldraction, and incident flux is
meant to effectively probe the range of possible models. ditmiess there are key features in
Figure 3.9 that should be observable in the flux-radius ifigion of Kepler candidates. First
and foremost, there should be a decline in the rate of sulitidesized planets, here defined as
1.8-4.0R, at high incident fluxes due to photo-evaporation. In paléc these planets should
become comparatively rare & 2 100 Fy, which corresponds to periods10 days. Such an

effect may have already been seen by Howetrdl. (2012) and Youdin (2011). At the same
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time there should be a corresponding increase in the freguehrocky planets witiR, <1.8
Ry, due to the large number of stripped cores.

Owen and Wu (2013) recently performed a similar parametailysind predicted
that there should be a significant gap in the radius disiobuwith few planets between 1.5 and
2.5Rg. The origin of this gap is easy to understand. Planets indies range will typically
be ~0.5% H/He. Such small envelopes are highly vulnerable tagbeaporation; even tiny
mass loss rates 0.01 Mg, Gyr™* will be more than sufficient to strip these planets. Morepver
planets that formed with more substantial initial envekpee unlikely to end up in this part of
parameter space. This behavior was discussed at lengtke irotitext of evolution models for
Kepler-11b in Lopezt al. (2012). If a planet experiences enough mass loss to remueeate
percent of its mass, then it is much more likely to lose itsedmpe completely than to end up
with an envelope that is0.5% H/He.

Nonetheless, we do not see a gap that is as clear cut as that flguOwen and
Wu (2013). Instead we see a diagonal band in which modelsetaively rare, although by
no means excluded. This “evaporation valley” is typicall$ Bs, wide and occurs at slightly
larger radii at higher incident fluxes. This is because inanameter study we did not include
planets that simply formed without any envelope at all. Assult, only planets that have lost
their envelope to photo-evaporation end up being rocky.hatlow flux end, only planets with
initial envelopes~0.1% H/He and the lowest core masses will lose their envelapsulting in
relatively small stripped cores. On the other hand, at thh Auix end even planets with initial
envelopes up te- 1% H/He and core masses uptd0 Mg, are easily stripped. This removes

somewhat larger H/He envelopes but results in larger stdpgores, moving the evaporation
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valley up to~2-2.5R,.

However even in the middle of the diagonal evaporation yalke find models from
our study. Partially, this is due to varying the iron fractiof the cores, which smears out radius
trends by~0.15R;. Mostly however, it is due to running a comprehensive patams&udy
that sampled a wide range of initial conditions. The Owen @hd(2013) study only tested
five values for the core mass, without any initial composgie:1% H/He. In contrast, Figure
3.9 includes 200 different combinations of core mass artéhiriomposition. In the absence
of photo-evaporation, this suite of models finely samplesethtire range of radii from 1-Rq,
as can be seen by the leftmost column in Figure 3.9. We sugigaisthe reason Owen and
Wu (2013) see a clear gap in the radius-flux distribution isalise their small sample of initial
conditions do not adequately sample the parameter space.

Thus far no such gap has been has been seen in the observéaltilist of planet
radii. Fressinet al. (2013) and Petiguret al. (2013b) recently performed careful studies of
Keplerplanet occurrence rates as a function of radius after ciimgeéor false positives and the
various selection effects. In both cases the studies find adtaurrence rate below2.8 R,
with larger planets being significantly rarer. Both thesglsts span a wide range of periods, out
to 85 days for Fressint al. (2013) and 50 days for Petigued al. (2013b), and use fairly wide
radius bins. As a result, it is perhaps not surprising thay tvould not detect our relatively
narrow evaporation valley. On the other hand, the flat oenae rates found by Fressé al.
(2013) and Petigurat al. (2013b) seem inconsistent with the wide gap proposed by Gamdn
Wu (2013).

There are physical reasons why the evaporation valley se€igure 3.9 might not
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exist or be less pronounced. First, there could exist a lpogeilation of 1-1MMg rocky planets
that simply formed without ever accreting a H/He envelop&isTs possible if these planets
formed through giant collisions after the disk had alreagigated (Morbidelliet al., 2012).
This would introduce another population of 1-R§ planets that would not show any strong de-
pendence on incident flux due to photo-evaporation. Depgnain how common these planets
are, this could largely mask any gap in planet occurrencadit 1.8 R, which corresponds
to incident flux<100F, or periods longer thar-10 days.

Second, if sub-Neptunes typically form beyond the snowtires in addition to rock,
iron, and H/He, these planets could have large amounts @raat other volatile ices (Rogers
et al, 2011). Much like varying the iron fraction of the core, viany the water fraction could
wash out any trends in radius, but to a much greater extent. M, %lanet that is 50% water
will be ~0.5R, larger than one with an Earth-like composition (Lomgal., 2012). Since our
evaporation valley is only0.5 R, wide, varying the water content sub-Neptunes from 0-50%
would completely eliminate any dip in planet occuran&s.a result, the presence or absence of
such a dip is a useful test for whether sub-Neptunes forntirmsihout any wate(Chiang and
Laughlin, 2013; Hansen and Murray, 2012), or migrate frorpdoel the snow-line with large

amounts of water (Rogeet al.,, 2011).

3.5.2 Relative Sizes in Multi-Planet Systems

Beyond simply explaining individual systems like Kepl&:3nodels of mass loss
evolution may shed light on many of the puzzles of planet oetigce statistics. One such

puzzle is that many of thKeplermulti-planet systems like Kepler-11, Kepler-18, & Kep8&-
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exhibit regular ordering of their radii; i.e. each planatde to be larger than the one interior
to it. This trend was recently quantified by Ciasti al. (2013) which found that in pairs of
planets fromKepler multi-planet systems there is a statistically significattdency for the
inner planet to be smaller than the outer planet. Ciatdil. (2013) examined over 900 pairs of
planets with periods ranging from 0.45 to 331 days and fohatithe inner planet is smaller in
~60% of planet pairs. Furthermore, they found that the foactif planet pairs where the inner
planet is smaller rises t& 70% when the both planets are within 20 days, and that the feen
only apparent for planets that are smaller than Neptuneursy) that these planets also have
masses less than Neptune, these are precisely the plaaetghtiuld be vulnerable to photo-
evaporation. We find that this trend can be explained as aalatsult of photo-evaporation.
Unless there is a strong tendency for planets on shorteog®tio have more massive rocky
cores, then inner planets should be substantially moreevabie to photo-evaporative mass
loss.

On average we find that the inner planet in the Ciatdal. (2013) sample receives
7.9 times more incident flux than the outer planet. Moreosice this trend exists for pairs
of planets orbiting the same parent star, we know that thegive the same XUV spectrum.
Applying the scaling law derived in equation (3.7), this imap that the inner planets in their
sample should typically lose 10 times as much H/He. In Lopet al. (2012) we showed that
there is a near one to one correspondence between radiubamtilie mass fraction. As a
result, this increased vulnerability to mass loss shoulkdimadly lead interior planets to have
smaller radii. In addition, we would expect the fraction afifg with smaller inner planets to

rise at the shortest periods if these trends are in fact dagmospheric mass loss. When both
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planets have periods shorter thaB0 days, it is likely that both will be vulnerable to substaht
mass loss and so there should be a larger impact on the estathi.

However, there are several factors that can diminish theahgf mass loss on relative
radii. Firstly, some planets will be rocky super-Earthsheiit any volatile envelopes. Likewise
our models predict that many planets on highly irradiatdaitershould have envelopes com-
pletely stripped off. Of course, once a planet has lost itreemnvelope its radius can not
continue to shrink thus limiting any further differencesradii. Likewise, for planet pairs on
less irradiated orbits, neither planet might be vulnerablphoto-evaporation. Also as we have
already shown, large differences in rocky core mass camdwadm differences in incident flux.
All of the effects combine to limit the usefulness of radibaé to understand differences due to
mass loss evolution and may explain why the trends seen bdi@al. (2013) are relatively
weak. Unfortunately, most of the planets in the Ciardi s not have mass measurements
from radial velocity or TTVs, making it difficult to empiridlg test the importance of core mass
on the trends they observe.

Currently, there are 16 pairs ¢fepler planets where both planets have well deter-
mined masses and meet the SNR and impact parameter threstesddribed in Ciardét al.
(2013). These include planets in Kepler-9 (Holretral,, 2010), Kepler-10 (Batalhat al,
2011), Kepler-11 (Lissauest al, 2011a, 2013), Kepler-18 (Cochran al., 2011), Kepler-20
(Fressinet al,, 2012; Gautietet al, 2012), and Kepler-36 (Cartat al., 2012). Of these 16
pairs, in four cases the inner planet is larger than the outepler-9b/c, Kepler-11c/f, Kepler-
11d/f, Kepler-11e/f. In all four of these cases the innerigmificantly more massive than the

outer planet. With only four cases the trend is not yet dtetilty significant, however, the ten-
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dency for inner planets to be either smaller or significanmiyre massive is a robust prediction
of our mass loss models. Whenever the inner planet in a mplaltiet system has a larger radius,
it should also be significantly more massive. There shouldosoany highly irradiated pairs
of planets where the inner planet is less massive than the but where the inner planet has
enough of its mass in a H/He envelope such that its radiusiarg

It is worth mentioning that there are other processes ingtlformation and evolution
which could contribute to the trends seen by Ciaidil. (2013). Ikoma and Hori (2012) showed
that when super-Earths and sub-Neptunes form on highlgiated orbits, the rate of H/He
accretion is significantly slower when the local disk tengpere is higher. Moreover, on short
period orbits it is much easier for low mass planets to opemmig the disk, which would
also limit their envelope accretion (Hansen and Murray,20JAssuming that planets in the
Keplermultis formed in the same ordering that they are in todayj theer planets should have
had more difficulty in accreting large H/He envelopes. Lilsmy given that proto-planetary
disks evaporate from the inside out (Cahadtal., 2000), outer planets will have had more
time to accrete an envelope. Nonetheless, given the d¢ntieas loss timescale threshold that
we identified observationally and theoretically in Lopstzal. (2012), and a concurring view
advanced by Wu and Lithwick (2013), it seems quite reasentiiat photo-evaporative mass
loss plays an important role in producing the trends amoraggil pairs seen by Ciarét al.
(2013). Most likely, both planet formation and subsequentwion combine to reduce the size

of H/He envelopes for highly irradiated planets.
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3.6 Chapter Summary

There is growing evidence from both models and observativaisphoto-evaporative
mass loss plays an important role in the evolution of highlgdiated super-Earths and sub-
Neptunes (Baraffet al, 2006; Jacksoet al., 2012; Wu and Lithwick, 2013). Lecavelier Des
Etangs (2007) first proposed that there could be a criticalsni@ss timescale in the observed
population of hot Jupiters and Neptunes. In Lopéal. (2012) we confirmed the existence of
this threshold for all planets with measured densities dtw Mg. Moreover, Lopezt al.
(2012) showed that this critical mass loss timescale israyureproduced by our coupled
thermal and mass loss evolution models. Likewise, this rmsssthreshold is also reproduced
by other models which fully solve the hydrodynamics of thesmlass wind (Owen and Jackson,
2012; Owen and Wu, 2013). Here we have expanded upon the gmastudy performed in
Lopezet al. (2012) and shown in detail how mass loss history depends @dent flux, core
mass, and mass loss efficiency.

We have shown that in addition to the amount of XUV irradiatieceived by a planet,
the mass of its rock/iron core plays a critical role in detiging a planet's photo-evaporation
history. Moreover we have shown that this provides a nagxplanation for the large density
contrast observed between Kepler-36 b&c. In order to bettelerstand the role of core mass,
we performed an extensive parameter study and providedxippate scaling relations which
can be used for estimates of whether mass loss has been amipiart detected planets.

Further, we showed that the compositions of the observedlatipn of transiting

planets are consistent with our detailed models and thedmgaelations. Finally, we showed
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that our coupled thermal and mass-loss evolution modelsnmakortant predictions for the
radius-flux distribution oiKepler candidates. In particular, we predict that sub-Neptunedsiz
planets should become significantly less common at veryt shibital periods. In addition,
there may exist a narrow “evaporation valley,” which is afustest for whether sub-Neptunes
are formed in situ. We anticipate that future progress is Hrea will come from additional
mass determinations of sub-Neptune di@pler candidates, a better understanding of XUV
fluxes from all types of stars as a function of age, and furgivegress in modeling mass loss

efficiencies in the framework of 1D and 3D models.
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Figure 3.2 This summarizes the results of our evolution péea study. In each panel we have
plotted models on a grid of incident flux vs. planetary coresgnen Earth masses. At each
point in the grid, we have over-plotted multiple models wdifierent initial compositions. The
size of each point indicates the initial H/He fraction a gliahegan with. Meanwhile, colors
indicate how much of this initial H/He envelope is lost oviené¢. Thus dark blue points are
models where mass loss is unimportant while dark red poretsn@dels where the entire H/He
envelope has been stripped off. The mass loss history defstrmhgly on a planet’s core mass
as well as the incident flux. In each case, there is a cleashbte region where mass loss is
important but, at least some models are able retain signifiddHe envelopes. The top panels
show the threshold at 50 Myr, 100 Myr, and 1 Gyr for our staddaass-loss efficiency of 10%.
Most of the mass is lost in the first 100 Myr while almost no miadest after 1 Gyr. Likewise,

the bottom panels show the results at 5 Gyr for efficienciels 4D, and 100%.
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Figure 3.3 The fraction of the ini-
tial H/He envelope which is lost to
subsequent photo-evaporatioip,¢)

vs. three different mass parameters,
according to our models. Panel a)
plots fiost against the mass of the
rock/iron core while panel b) plots it
against the mass of the initial H/He
envelope and panel c) plots against
the total initial mass. In each case,
the different curves show the re-
sults for models with different ini-
tial H/He fractions fenveiope Vary-
ing from 1-60% H/He. All of these
models receive 106, assume =
0.1, start at 10 Myr, and end at 5
Gyr. Compared to envelope or to-
tal mass, core mass shows the least
scatter between models with differ-

ent composition.
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Figure 3.5 Index of the core mass power-law from Figure 3dlequation (3.6) vs. initial H/He
envelope fraction. The dependence on core mass becomesrsésethe initial H/He fraction

increases.

85



100.0F w
E Mcore = SMEB

10.0F e=0.1
20% H/He

% Envelope Stripped
°

-
—

0.01 0.1 1 10 100
F/ Fthreshold
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compared td, the threshold flux defined in equation (3.6). BelBw, fiost increases roughly

linearly with incident flux. Abovev 2x Ry, the envelop is completely stripped.
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better.
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Figure 3.8 Incident flux and core mass for 29 observed triagsjlanets with well defined
masses less than 180;. Planets are color-coded by their current H/He envelopsia. Red-
brown open circles are consistent with being H/He free. Tashdd line shows thig, — Mg
relation from equations (3.6) and (3.7), scaled up sligtdlaccount for complete stripping of
H/He. Of the six planets that lie 4 to the left of this relation, three are consistent with being

rocky and three with having only water/steam envelopes.
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Figure 3.9 Final planet radius vs. incident flux in our parenstudy. The greyscale boxes
indicate the frequency of models that end in each box dueatorthl and mass loss evolution;
i.e., black boxes contain many models and white boxes fewhidtt incident flux there is a
strong decrease in the frequency~ofl.8 -4.0 R;;, sub-Neptune sized planets and an increase
in the frequency oK 1.8 Ry rocky super-Earths. Points show the individual modelspreal

by their final H/He envelope fractions as result of photopewation. The leftmost column of
points at 1, closely approximates the distribution without any mass.lé&ust colored points

in the bottom right correspond to rocky planets that havettwar envelopes. Just above these
stripped cores there is a clear decrease in the frequencpdéis Planets that enter this region

have envelopes that are so small they tend to be strippedwipletely.
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Chapter 4

Understanding the Mass-Radius Relation for
Sub-Neptunes: Radius as a Proxy for

Composition

4.1 Introduction

NASA's Keplermission has been an enormous success, discovering ovepRsGa
candidates to date (Borucki al, 2011; Batalhat al., 2013a). Among the mission’s many firsts
and accomplishments, however, one of the most revolutyoisahat for the first time we have
a robust determination of the relative abundance of diffesezes of planets stretching from
Earth-sized all the way up to the largest hot Jupiters (Hawaal, 2012; Fressiret al., 2013;
Petiguraet al., 2013b).

In particular, Kepler has discovered an abundant new population-8fRg planets
(Fressinet al,, 2013; Petigurat al,, 2013b). Although smaller than Neptune, these planets are
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large enough that they must have substantial hydrogen dnairhéhereafter H/He) envelopes
to explain their radii. Such planets are unlike anythingni@un our own Solar System and
fundamental questions about their structure and formadrenstill not understood. Are these
Neptune-like planets that form beyond the snow-line andainrtarge amounts of volatile ices
(Rogerset al,, 2011), or are these scaled up terrestrial worlds with H/Rekpes that formed

close to their current orbits (Hansen and Murray, 2013; @diand Laughlin, 2013)?

In an attempt to address these questions, a great deal of leff® been invested in
acquiring precise masses for a large number of these tiramgilanets. In recent years this has
generated a much fuller understanding of the mass-radiasar, especially for sub-Neptune
and super-Earth sized planets (Weisal., 2013). In particular, there are now several multi-
planetKepler systems like Kepler-11 with masses determined from Trarisiing Variations
(TTVs) (e.g Lissaueet al, 2011a; Carteet al,, 2012; Cochraret al, 2011; Lissaueet al,
2013). Although rare, such systems are incredibly valubblgause with both a mass and a ra-
dius we can estimate a planet’s bulk composition using nsoafehterior structure and thermal
evolution (e.g. Rogers and Seager, 2010a; Nettelnedrah, 2011; Miller and Fortney, 2011;
Lopezet al, 2012; Valenciaet al,, 2013). Thus far efforts have been focused on individually
determining compositions for this handful of planets. Tgasicity stands in stark contrast to the
over 3500KeplerCandidates with only measured radii. Unfortunately the maggority of these
candidates are in dynamically inactive systems withowingtfTTVs or around distant stars too
faint for radial velocity measurements.

Moreover, even with precise masses and radii there areénhelegeneracies which

limit one’s ability to constrain the bulk compositions ofpss-Earth sized planets. For 1-
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2 Ry, planets the densities of water, silicate rocks, and iraa (i 1-10 gcm?) are similar
enough that it is impossible to uniquely constrain the nedadbundance of these components
(Valenciaet al., 2007; Rogers and Seager, 2010a). To some extent modelarwtmollisions
can set upper limits on the maximum iron or water mass frastibat are physically achievable
(Marcuset al, 2009, 2010), but for a given planet this still allows a widage of internal
compositions.

Fortunately, models are still able to set clear and usefo$traints on composition. In
particular, thermal evolution models can set robust cairgs on the fraction of a planet's mass
in a H/He envelope. Due to its significantly lower densityema relatively minor amount of
H/He (e.g.,~1% of total planet mass) has a large impact on planetary saéior sub-Neptune
sized~ 3 Ry, or larger planets, the H/He envelope will dominate a plangie regardless of
the abundance of other elements. As a result, for thesetplaa®y degneracies between rock,
water, and iron are secondary to the overall distributiomaterial between the H/He envelope
and heavier elements.

Moreover, for sub-Neptune sized planets at fixed bulk-casitjpm, theoretical mass-
radius curves are remarkably flat; i.e., planets with a giéde abundance have very similar
sizes regardless of their mass (Lopetzal., 2012). As a result, there is a remarkably tight
relationship between planetary radius and H/He envelagsiém that is independent of planet
mass. Ciritically, this opens up the hope of constraining édérvelope fractions for the vast
population of Neptune and sub-Neptune si¥&pler candidates without measured masses.
This is what we begin to explore in this paper.

Whenever possible it is still preferable to obtain a well swrad mass. Planet mass
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is critical for understanding how volatile rich planets wate their initial H/He envelope (Bo-
denheimeret al., 2000; lkoma and Hori, 2012) and whether they can retain dtiregy X-ray
and EUV driven photo-evaporation (Lopetal, 2012; Lopez and Fortney, 2013a; Owen and
Jackson, 2012; Owen and Wu, 2013). Nevertheless, for sgstésub-Neptunes like Kepler-
11, even a factor of-2 uncertainties in planet masses are sufficient to tighthystrain H/He
envelope fractions with precise radii (Lissawadral,, 2013). This fact means that instead of
only examining theradius distribution of Kepler candidates, we can begin thinking about a

compositiordistribution.

4.2 Models

In order to understand how planetary radius relates to plaass and envelope frac-
tion, it is necessary to fully model how a planet cools andremts due to thermal evolution. For
this work, we have used the thermal evolution presented ep€hn 2, where additional model
details can be found. Similar models are frequently usethtiktthe evolution of sub-Neptunes
and hot Jupiters. (e.g, Miller and Fortney, 2011; Nettelmanal, 2011). Unlike Chapters 2
and 3, here we do not consider the effects of photo-evaporathlthough photo-evaporation
can have a large impact on the H/He envelope fraction of aepléeg. Baraffeet al, 2006;
Hubbardet al,, 2007a; Lopezt al,, 2012; Owen and Jackson, 2012), the effect on the thermal
state of the interior is relatively minor (Chapter 3). Here are primarily interested in the re-
lationship between radius and H/He envelope fraction agraited by thermal evolution, as a

result the effects of photo-evaporation can be ignoreds$erce, present-day envelope fraction
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determines the radius, but that envelope fraction may heea Btrongly effected by formation
and photo-evaporation.

At a given age, a model is defined by the mass of its heavy eleowee, the mass
of its H/He envelope, the amount of incident radiation iteiges, and the internal specific en-
tropy of its H/He envelope. As a default model, we assume @thésmal rock/iron core with
an Earth-like 2:1 rock/iron ratio, using the ANEOS olivinEhpmpson, 1990) and SESAME
2140 Fe (Lyon and Johnson, 1992) equations of state (EOSYnW&termining envelope frac-
tion error bars for observed planets, however, we varied itloin fraction from pure rock to
the maximum possible iron fraction from impact models in Meget al. (2010). For the H/He
envelope we assume a fully adiabatic interior using the Sawghal. (1995) EOS. In addition
we consider the possibility of water-worlds and three congra models using the H20-REOS
for water (Nettelmanret al, 2008). Finally atop the H/He envelope is a relatively smediia-
tive atmosphere, which we assume is isothermal at the bguii temperature. We define a
planet’s radius at 20 mbar, appropriate for the slant vigvgaometry in optical transits for so-
lar metallicity, although our results are insensitive te #xact pressure level chosen (Hubbard
etal, 2001) .

In order to quantitatively evaluate the cooling and coritoexcof the H/He envelope,
we use a model atmosphere grid over a range of surface g=wdtid incident fluxes. These
grids relate the surface gravity and internal specific gmtro the intrinsic temperature of the
flux emitted for a given model. The intrinsic temperatiig = (Tok — Teb)/* is the equivalent
blackbody temperature of the net radiation leaving a plaihéd approximately the tempera-

ture the planet would have if the parent star were removedsé&lone-dimensional radiative-
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convective models are computed for solar metallicity armd5fax solar metallicity enhanced
opacity atmospheres using the methods described in Foetrady(2007) and Nettelmanet al.
(2011). These atmosphere models are fully non-gray, i.gel@agth dependent radiative trans-
fer is performed rather than simply assuming a single ieffaopacity. The atmospheres of
Neptune and sub-Neptune sized planets might be signifjcanmthanced in metals (Fortney
et al, 2013) or host extended clouds that greatly enhance atredspbpacity (Morleyet al,
2013). Therefore, our two atmosphere grids are a way to makaalified first estimate of the
role of enhanced opacity on planetary thermal evolutiomr.allauns we use the H/He Saumon
et al. (1995) EOS for the envelope.

At very early times and very low masses, the models reachitgradbeyond the edge
of our cooling grid. In such cases we logarithmically extigpe the intrinsic temperatuiig,; as
a function of gravity. This does not significantly affect asults, however, as the dependence
of Tint on gravity is slight and the models are only at such low giawiin the first few Myr.

Finally, we include heating from radioactive decay in thelk/@ron core and the delay
in cooling due to the core’s heat capacity. In order to cdlyedetermine the mass-radius-
envelope fraction relationship, it is vital to include teebermal evolution effects, since these
will significantly delay cooling and contraction, partiadly for planets less thar5 Mg, (Lopez

et al, 2012).

Mo TdS dT;
me = —Lint + Lradio— Cchore%re (4.1)

MCOFE

Equation (4.1) (Nettelmanat al, 2011; Lopezet al,, 2012) summarizes our ther-
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mal evolution models. The left hand side describes the wgalate of the H/He envelope.
Positive terms on the right hand side represent energy ssul@at heat and inflate a planet,
while negative terms represent energy losses that allowrgzepko cool and contract. The term
Lint = 4R80T, accounts for cooling from the atmospheric radiative transfiodels described
above. Lygio describes radioactive heating, with abundances given Idefand Grevesse
(1989). Finally,dTcore/dt represents the cooling of the rocky core. We assume a cote hea
capacity ofc, =0.5-1.0 JK1g™ (Alfé et al, 2002; Guillotet al., 1995; Valenciat al.,, 2010).
Each of these terms is described in detail in Nettelmetred. (2011) and Lopeet al. (2012).

As with previous models, we assume that planets initiallynfavith a large initial
entropy according to the traditional "Hot-Start" model (freyet al., 2007; Marleyet al., 2007).
Specifically we start our models at an age of 1 Myr with a largesil entropy of 10k, baryor™.
This assumption does not significantly affect any of our ltessince hot-start and cold-start
models are indistinguishable by the time planets~at60 Myr old (Marleyet al., 2007; Lopez
et al, 2012). Moreover, Mordasini (2013) recently showed thatpianets less massive than
Jupiter gravitational heating due to settling of heavy eata in the H/He envelope can erase
any difference between hot and cold starts.

For low-mass planets, the hot-start assumption resultstieraely large initial radii
210 Ry. However, as we explore in Section 3.2, such models cootmly rapidly such that

significant contraction has already occurred by several. Miyrgeneral we present results at

ages>10 Myr, when our results are insensitive to the initial cleoid entropy.
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4.3 A Mass Radius Parameter Study

Planetary radius is an invaluable tool in understandingnttiare of low-mass planets;
however, without the aid of thermal evolution models lik@dd used here, it can be quite
difficult to interpret. In order to better understand theommhation contained in planet radii,
we performed a detailed parameter study of our thermal @éeoland structure models for
sub-Neptune type planets with rock/iron cores and thickéHédvelopes.

As part of this parameter study we ran over 1300 thermal ¢daviumodels varying
planet mass, incident flux, envelope fraction, and atmaspheetallicity. We covered planets
from 1-20Mg, 0.1-1000F, 0.01-60% H/He, for both solar metallicity and enhancedcipa
models.We then recorded planet radius at every age from IQd/10 Gyr. The results of this
study are summarized in Figure 4.1 and Tables A.3-A.8.

Examining Figure 4.1, itis immediately clear that iso-casition mass-radius curves
are in fact remarkably flat for sub-Neptune or larger planatdeast once they are a few Gyr
old. In each panel, we show theoretical mass-radius cunféle warying the H/He envelope
fraction, incident flux, and age of the model planets. Fopt@ameters that are not varying in
each panel, we use representative values of 5% H/HeF10and 5 Gyr.

Turning to panel a), we see the enormous effect that varyiadgitHe envelope frac-
tion has on planetary radius. By comparison, any other aimtmincident flux, age, or internal
structure are secondary. For planets with envelep@d% of their total mass, the mass-radius
curve does increase slightly from1.5R; at 1 Mg to ~2.5Rq at 20Mg,. For envelopes this

insubstantial, a planet’s size is still dominated by itskgditon core and so the mass-radius
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curves have a similar slope to the bare rock curve shown iareig.1. However, as we increase
the envelope fraction, the mass-radius curves rapidlyeftatbeginning at low-masses, until by
~3% H/He, the curves are almost completely flat.

By comparison, panel b) in Figure 4.1 shows the much more stadfect of varying
the incident flux. More irradiated planets tend to be sligldrger because they have a large
scale height in their atmospheres and because the iralialtiers the radiative transfer through
their atmosphere, slowing their contraction (Forte¢wl., 2007). Nonetheless, despite varying
the incident flux by four orders of magnitude, planet radiyMay less~30%.

Finally, panel c) shows how these mass-radius curves ewvketime. At early times
lower mass planets are significantly larger than higher mssets due to their similarly large
internal energies and lower gravities. Over time, howetla@se low mass planets are able to
cool more rapidly than their more massive relatives, whicidgally flattens the mass-radius
curves. By the time the planets arel Gyr old we see the characteristically flat mass-radius

curves for H/He rich planets.

4.3.1 Describing Radius with Power-Laws

A quick inspection of Figure 4.1 makes clear that not all ofampt’s properties have
an equal impact on planet size. Planet mass and incident v dnly a modest impact on
planet size, while planet age has a larger impact, partigudd younger ages. However, by far
the largest determinate of a planet’s size is the fractidtsahass in a H/He envelope. One way
to quantify the relative importance of envelope fractionasconstruct analytic fits for radius

as a function of planet madd,, H/He envelope fractiorfeny, incident fluxF;, and age. In
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Lopez and Fortney (2013a) we performed a similar analysasnéxing planets’ vulnerability to
photo-evaporative mass loss.

Fortunately, the relationships between radius and eacheaxfet parameters are all
reasonably well described by power-laws and the effectsaohevariable are relatively inde-
pendent. As a result, we can do a reasonably good job of @&sgrihe results of our full
parameter study with a set of four independent power-laws dne caveat is that we do not
fit for the total planet radiu®,, but instead the radius of the H/He enveldRg, ~ Ry — Reore,
whereRgqre is the size of the rock/iron core. We do this becausdeasapproaches zero, the
planet radius does not approach zero but instead asymptdRasc.

To first order, however, the rock/iron equation of state ig/\iecompressible and so
we can approximatB.qre With the mass-radius curve of a envelope free rocky planssufing
an Earth-like rock/iron abundance, thBgy is described by equation (4.2) to within2%. If
we also allow the iron-fraction of the core to vary then thioerises to~10%, but for the
gualitative analysis we attempting here such errors arempoitant. Mcore in equation (4.2)
refers to the mass of the rock/iron core, which for sub-Neetsized planets is approximately

the same as the total planet md4s

Meore 0.25 Mp 0.25
= ~ | —= 4.2
Rae= (22) = (2 @2)

Likewise, we must make a small correction to account for ike sf the radiative
upper atmosphere. To first approximation, this atmosphersothermal at the planet’s equi-

librium temperaturéleq. For sub-Neptune sized planets at several Gyr, the radiatmvective
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boundary is typically~100-1000 bar. For transiting planets the broadband optamdils is
typically ~20 mbar, or=~8-10 scale heights higher. Thus the size of the radiativeospmere
is approximately given by equation (4.3), wheyés a planet's gravity angiy e is the mean
molecular weight. Generally however, this correction gitglly quite small £0.1R5) except

at the very highest levels of irradiation.

100bar kb Teq
Rem~ log (20 mbar> 9 <9MH/He> “3)

With equations (4.2) and (4.3) in place, we can now fitRgk, and then simply add
Reore andRyto get the total radius. The results of these fits are sumetiiz Figure 4.2 and
equation (4.4). Figure 4.2 compares our power-law fits toréselts of our full models for
representative values Mp, feny, Fs, and age. The error bars in each panel show thechtter
about the power-law fits for the full suite of models in ourgraeter study. Remarkably, this
simple power-law description does a reasonable job of chprimg the results of our full model.
In general, the analytic formulation in equation (4.4) rhat our full models to within-0.1
dex.

For the age evolution, we fit separate power-laws for solaaligty and enhanced
opacity models. The solar metallicity models cool more dbpinitially. As a result, they are
already relatively cold by-100 Myr and so the subsequent contraction is slower. Howdwer
enhanced opacity models must eventually cool and by se@nahny differences are erased.
We fit power-laws only to the evolution after 100 Myr. For sataetallicity Reny ~ t%11 while

for enhanced opacitRen, ~ t%18. Equation (4.4) shows the results for the enhanced opacity
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models.

M -0.21
Renv = Ro —Recore— Ratm = 2.06Rg <M—;>

§ Teny 0.59 F 0.044 age -0.18
5% Fe 5Gyr

It is important to note however, that the results of thesediiesonly meant to be a

(4.4)

rough approximation of the full models summarized Figurk @nd tables 2-6. These fits are
done purely to help understand the qualitative behaviomuotleermal evolution models, not to

be used in place of the full models. Also, equation (4.4) ahlgws the fit to our the enhanced
opacity models. At late times the solar metallicity modedséna slightly shallower dependence
on age, due to more rapid cooling at early ages.

Nonetheless, equations (4.2) and (4.4) do make severastlyjoite clear. First of
all, we can now quantify the importance of H/He envelopetica; doubling fe, has an order
of magnitude larger effect oR, than doublingF, and more than twice as large as an effect
of doubling the age. We can also now see how flat the masssraditves are. Although,
Renv decreases slightly with mass, this is almost exactly ba&ldrny the increase iRgre With

increasing mass. This result is insensitive to our choideitiél entropy for ages>10 Myr.

4.3.2 Why is the Mass-Radius Relation Flat?

One of the key features of our thermal evolution and strectapdels is the relative
flathness of mass-radius curves at fixed H/He envelope fractio sections 4.3 and 4.3.1, we
showed that for planet witkt1% H/He, planet size is more or less indepent of mass. Thus far
however, we have not explained the origin of this flatness.
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Figure 4.3 Here we show the planet luminosity budget vs. fione representative example
thermal evolution model with 1% H/He on aNd planet, receiving 106 from a sun-like

star. The black solid line shows the overall cooling ratelavthe dotted and dashed lines
show the cooling rate of the rock/iron core and the heatiogifradioactive decay, respectively.
The solid gray line shows the cooling rate if we ignore radinéty and the need to cool the
core. This clearly demonstrates the need to include thesestehen calculating the thermal

evolution of sub-Neptune like planets.
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Figure 4.4 Shown is an example calculation in which all medghrt at the same young age
and initial specific entropy. Internal specific entropy ie tH/He envelope vs. time is shown
for various planet masses. Solid lines show enhanced gpadiile dotted show solar metal-

licity. Planets start with large initial entropy, then rdlyi cool. By 10-100 Myr, the models are
insensitive to the choice of initial entropy. Low-mass genexperience more rapid cooling,
leading to the flat mass-radius curves seen in Figure 4.%ar $wétallicity models cool rapidly

at young ages and then experience more gradual coolinge whitanced opacity models cool

more steadily at all ages.
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Figure 4.5 Intrinsic temperaturg,, i.e., the equivalent blackbody temperature a planet's net
outgoing flux, vs. planet mass for 5 Gyr old planets receidg F;, with enhanced opacity
atmospheres. Colors show different H/He envelope frastidblearly, by several Gyr lower-
mass planets are significantly colder than higher mass tglafidis demonstrates the need to
perform full thermal evolution calculations. Simply assogha fixed luminosity per mass will

greatly overestimate the size of planets belos M.
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In fact, searching through the literature will show a widega of mass-radius curves
with very different behavior at low masses (e.g., Lissaeteal,, 2011a; Rogeret al, 2011;
Lopezet al, 2012). Although, all the models tend to agree abei®-20 Mg, there can be
large disagreements below5 Mg. In some cases, radius decreases with decreasing mass in
much the same way as the Earth-like mass radius curves img=gl. In other cases, the radius
increases to implausibly large sizes due to the planet'siagvavity (Rogerset al,, 2011).
Generally, these models face one of two limitations. Eitiety ignore the contributions of
the rock/iron core to the thermal evolution, i.e., the neeadol the core and heating from
radioactive decay, or they do not perform an evolution dattan at all and instead use static
structure models in which the internal energy of the plasétdated as a free parameter.

For the Neptune and sub-Neptune sized planets that we ausifigcon herey~90-
99% of a planet's mass is contained in the rock/iron core.ofligy the effects of that core
on the thermal evolution will significantly underestimaltese planet's cooling timescale, and
therefore its radius. This is a common simplification witkerinal evolution models that, like
our own, were originally developed to model massive gastgjamhere the core has a neg-
ligible impact on the overall thermal evolution. The im@orte of these effects, however, is
clearly demonstrated in Figure 4.3, which shows the varimargributions to the overall ther-
mal evolution for a typical 4, 1% H/He sub-Neptune sized planet. At every age, the cooling
luminosity of the planet is dominated by these core coolingd laeating terms. At early times,
the thermal evolution is largely regulated by the need td tw® rock/iron core with its rela-
tively large heat capacity (Alfet al, 2002; Guillotet al,, 1995). At ages>1 Gyr, radioactive

heating also becomes comparable to the core cooling raekshmostly due to the decay of
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40K (Anders and Grevesse, 1989). On the other hand, ignoriegetierms leads to a planet
that is~30-100x less luminous at late times, and underestimates the finaigdéy ~0.5R,.
Some models (e.g., Mordasigi al., 2012), make the compromise of including radiogenic heat-
ing but not including the effect of the core’s heat capacitiis is much better than ignoring
the core altogether, but as shown in Figure 4.3 both terméngwertant and this will lead to
underestimating the radii of sub-Neptune planets, eslheaibages<1 Gyr.

On the other hand, it is also quite common to use static iatestructure models
which do not track a planet’s thermal evolution, but instaadume a fixed specific luminosity
(i.e. power per unit mass), which is then treated as a frei@hlar(Rogerst al, 2011). This
is a common simplification made when a small H/He envelopélded to detailed models of
terrestrial planets, for which the cooling history is harttedetermine, and has little impact on
overall planet size (Valenciet al., 2007). When calculating possible envelope fractions for a
single planet (e.g., Rogers and Seager, 2010b), this isdinleng as the resulting uncertainty
in the internal energy is accounted for. However, when jpigtiso-composition mass-radius
curves, this leads to an unphysical upturn at low masses.eLavass planets will of course
have lower gravities and larger scale heights, so assighieim the same specific luminosities
as more massive planets will lead to much larger envelopes.

In reality though, lower mass planets tend to be colder abstrall ages. Partly this
is due to their low gravities which slightly increases thteraf radiative transfer through their
atmospheres (Fortnet al, 2007). Mostly, however, it is simply due to the fact that éswnass
planets have a higher ratio of radiating surface areas fo tibial internal energies. Thermal

evolution will naturally result in planets that have coglitimescales comparable to their ages.
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Since all other things being equal, lower mass planets wiletshorter cooling timescales, their
H/He envelopes will cool and contract slightly more to comgeee.

These results are summarized in Figures 4.4 and 4.5. Figlishdws various cooling
curves for the internal entropy in the H/He envelope. Pletrt with large initial entropy, and
therefore radii. As expected, models cool rapidly untilitieeoling timescale is comparable to
their age. As in Figure, 4.2 solar metallicity models cogdiddy for their first ~10 Myr and
then contract more slowly. The enhanced opacity modelsh@other hand, cool more steadily
throughout their history. Eventually, the enhanced opatibdels must also cool and contract
and by several Gyr they have largely erased any differendtbstine solar models. At the same
time, there is a slight change in the cooling rates due to ¢oayl of*°K..

Figure 4.5 shows the end result of this evolution. Here wevsplanetary intrinsic
temperatureliy; versus planet mass for various H/He envelope fractions f@y6old planets
receiving 100~;. As we can see, by 5 Gyr, low mass planets are always sigriffazooler than
higher mass planets at the same envelope fractions, regardf H/He fraction or atmosphere
metallicity.

Combined with the fact lower mass planets have slightly Emabck/iron cores
(equation (4.2)) this increase in cooling counter balartbedact that lower mass planets have
lower gravities and produces the flat mass-radius curvesiadeigure 4.1. So long as a planet
has enough of an envelope th&t, = Reore, then equations (4.2) and (4.4) will roughly balance
and iso-composition mass-radius curves will be quite fldtis Typically happens for planets
that are>1% H/He or=>2.5R,,. Thus for most ofKeplers Neptune and sub-Neptune sized

planets, radius is nearly independent of planet mass antsisdd a direct measure of bulk
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H/He envelope fraction.

It has of course long been known that the mass-radius rekdtip should be flat for
non-inflated giant planets (e.g., Fortnelyal., 2007). What is remarkable here, is that this is
true even when the H/He envelope is a small fraction of a plneass. Moreover, it is for
a different reason than in giant planets. For Jupiter maasgié and brown dwarfs the mass-
radius relationship is flat because their interiors are lyiglegenerate and partially ionized
(e.g., Zapolsky and Salpeter, 1969). That is not the case hethe pressures and temperatures
relevant for the interiors of Neptunes and sub-Neptunesegdly <1 Mbar and 16 K, the
envelope is generally not degenerate. Even at the base bf/tHhe envelope for 204 planet

2

with a 20% envelope, the interior is only weakly degeneréite; ks i22me(37)%/3T /n2/® ~ 1

(Nettelmanret al., 2008).

4.4 The Mass-Composition Relation

Using our thermal evolution and structure models, we cated H/He envelope frac-
tions for all ~200 confirmed planets with well determined masses, assueingter-free in-
terior. We excluded any planets which only have upper lirnitsmass or purely theoretical
mass constraints. We used masses and radii from exoplangefgvright et al, 2011), except
for where there are more recent values in the literature. GaiRoT-7b, the five inner Kepler-
11 planets, and 55 Cancri e we used masses and radii fromd-tdtak (2011), Lissaueet al.
(2013), and Dragomiet al. (2013a), respectively. We exclude confirmed planets witlical

TTV mass estimates from Xie (2012) due to the degeneracydestylanet mass and free ec-
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Figure 4.6 Planetary radius vs. mass for all 200 transitiaggts with measured masses. Each
planet is colored according to the fraction of its mass inldéénvelope, assuming a water-free
interior. Rust-colored open circles indicate potentiatigky planets. Points are sized according
to the incident flux they receive from their parent starsatieé toF the flux that the Earth
receives from the Sun. For comparison, we include thealetiass-radius relations for pure
silicate rock, pure water, and pure H/He at 38Q There is a very strong correlation between
planetary radius and H/He envelope fraction, both of whiehraore weakly correlated with

mass up tev100Mg,.
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centricity. For inflated hot Jupiters with radii larger thidmat of pure H/He, we simply assigned
100% H/He since such planets are beyond the scope of this wieknwhile, for potentially
rocky planets like CoRoT-7b (Léget al., 2009; Quelozt al., 2009) and Kepler-10b (Batalha
et al, 2011), we set strict upper limits on the size of any potémlidle envelope. Table A.2
summarizes the results for 44 planets with measured mas$&8Mg, and radii< 12Rg.

In order to calculate the uncertainty on these envelopdifree we included the af-
fects of s variations in the observed planet masses, radii, ages,esetslof irradiation. In
addition, we included theoretical uncertainties on cooa ifraction, core heat capacity, atmo-
spheric albedo, etc., as described in Lopeal. (2012). In general, uncertainties in the stellar
radius and therefore the planetary radius are the domirmamtes of uncertainty. Typically this
is followed by the unknown iron fraction in the core which ypically equivalent to a @ Ry
uncertainty in the radius for low-mass planets.

Figure 4.6 plots the current measured mass-radius relatitnlo uncertainties for
all confirmed transiting planets with measured masses u@@M. and radii 2R;,. The
color of each point shows the H/He envelope fractions catedl by our models. Rust-colored
open circles show potentially volatile-free rocky planetdeanwhile, the size of the points
correspond to the incident flux that each planet receives fte parent star, relative e, the
incident flux that the Earth receives from the Sun.

Finally, we include three theoretical iso-compositionvas. The rust colored curve
shows pure silicate rock (specifically olivine). The darkélkurve corresponds to pure water
worlds on a 10 day orbit around a 5 Gyr old Sun-like star, h@vexarying these details does not

significantly change the curve. Finally, the black curveresponds to pure H/He hot Jupiters
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receiving 500 (i.e., 500 times the current incident flux that the Earth nexfrom the Sun)
from a 5 Gyr old Sun-like star. Roughly speaking, this lastedorms the dividing line between
the inflated and non-inflated hot Jupiters.

Several features of the mass-radius relation are immdgiaggarent. As noted in
Weisset al. (2013), there is a roughly power-law increase in radius freri-100 Mg, above
which radius saturates at approximately a Jupiter radietoB~ 10 Mg, there is a particularly
large scatter in radius, with planets ranging from the ptiadip rocky to sub-Neptune sized
planets with~3% H/He. For low-mass planets there is also an inverse atioal between
radius and incident flux which may be due to photo-evapagaldss of H/He (Lopezt al,
2012; Owen and Wu, 2013).

Above~ 100M¢, we find the true gas giants including the highly inflated hqiitéws.
Here the correlation with incident flux is the reverse of thatow-mass with the most irradi-
ated planets being extremely inflated. It is unclear whydhdw not appear to be any super-
inflated hot Jupiters below 100Mg, it is possible that such planets would be unstable to
photo-evaporation or Roche-lobe overflow (Jackebal, 2010) or have a high mass fraction
of heavy elements (Miller and Fortney, 2011).

Turning to the compositions of these planets, it is immedyjatlear that H/He en-
velope fraction is strongly correlated with both planet mmasd radius. However, on closer
inspection, where there is scatter in the mass-radiusaakdtip it is the planet radius that cor-
relates with envelope fraction. We argue here that plaritisas first and foremost a proxy for
a planet’s H/He inventory. The fact that both envelope feacand radius correlate with mass

is due to the fact that more massive planets are able accmtegas during formation.
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The radius saturates at100 Mg because planet size does not simply increase with
increasing H/He mass but rather with increasing H/He niragsion. As shown in section 4.3,
there is an approximately power-law relationship betwéensize of a planet’s H/He envelope
and the planets H/He mass fraction. A 1@ planet with a 1Mg, core, is already 95% H/He,
as a result doubling the planet's mass will not significamttyease the H/He envelope fraction
or the radius.

Figure 4.7 shows the observed sample of transiting planegspe that here we have
plotted H/He envelope fraction against radius. This cleddmonstrates the close relationship
between the observed radius and the fundamental bulk catigogs.e., the fraction of it's mass
in H/He vs. heavy elements. At a given radius, planet massysioy the color bar, can span
up to a factor o~30. Nonetheless the scatter in H/He envelope fraction isajly only ~0.3
dex. This is what we mean when we state that radius is priynafiiroxy for composition.

Thus far, however, we have only considered dry interiordwitHe envelopes atop
rock/iron cores. The gray shaded region in Figure 4.7 shtwseffect of varying the water
abundance of planets in our model. Using our three layer isadevaried the water abundance
of the interior from completely-dry, up to 90% of core masdene by “core” we mean the
combined mass of the rock and water layers. For clarity, e it power-laws to best fit radii
and envelope fractions under both scenarios; the gray dhadén shows the area in between
these fits. Clearly, allowing this degeneracy does slighttrease the scatter in the radius-
envelope fraction relationship. Nonetheless, abe#&R,, this does not alter the conclusion
that radius and H/He envelope fraction are intimately ezlat

As a result, this means that we can recast the mass-radat®orehip in Figure 4.6
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Figure 4.7 H/He envelope fraction vs. planet radius, for @0 transiting planets shown in
figure 4.6. Here each planet is color-coded according todssnThe grey shaded region shows
the effect of varying the water abundance of the interioricwtiowers the amount of H/He at a
given radius. Clearly there is a very tight correlation begw size and H/He envelope fraction,

lending credence to our claim that radius can be used as & fooplanetary composition.
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Figure 4.8 Similar to figure 4.6 but with H/He envelope frantplotted against planetary mass,
and color-coded by radius. Below10 Mg, there is a mix of rocky planets, possible water
worlds, and sub-Neptunes with a few percent H/He. Froh®-100Mg, there is a strong in-
crease in both radii and H/He envelope fraction transitigrfrom Neptune sized planets with
~10% H/He up to true gas giants that are almost entirely H/Hsow&~100 Mg we find the
familiar hot Jupiters, many of which have large inflated radihe dashed black line shows a

toy-model in which all planets have a M), core.
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as a massompositiornrelationship. This is shown in Figure 4.8. By doing this weéd&ans-
formed the observable mass-radius relationship into oaeishdirectly relatable to models of
planet formation. Here we can clearly see that there is adumghtal change in the relationship
around~10 Mg. Below this planets typically have less tha»% of their mass in H/He with

no clear relationship between envelope fraction and magavé this, however, most planets
are roughly consistent witlr 10 Mg, of heavy elements and we see a steady rise in envelope
fraction from sub-Neptunes up to gas giants.

These trends are all understandable in the light of thettomdil core accretion model
of planet formation (e.g., Hayasht al., 1985; Bodenheimer and Pollack, 1986). If a planet’s
rocky core becomes sufficiently massive, typicali$-10 Mg, then its gravity becomes suffi-
ciently strong to trigger runaway accretion from the diskor Eomparison, the dashed black
line in Figure 4.8 shows a the simple toy model in which allngles have 1Mg, core with
solar metallicity H/He envelopes. This is of course a sifigali view of planet formation. In
reality there is considerable variation in disk mass, ilifet, metallicity, planet history, etc. all
of which introduces considerable scatter into the massiepe fraction relationship. Most
planets in Figure 4.8 lie to the right of the toy model, polssibdicating that they accreted
additional planetesimals embedded in the nebula (Morda&di3). Nonetheless, Figure 4.8
offers evidence for the core-accretion model of planet fion, at least for the close-in planets

found byKepler
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4.5 The Super-Earth to Sub-Neptune Transition

Throughout this chapter, we have repeatedly used the tenpsr-&arth and sub-
Neptune to refer to low-magsepler planets. What exactly is the difference between these
classes of planets? For our purpose a sub-Neptune is angtpldiose radius cannot be ex-
plained by a bare rock/iron model, i.e., it must have someafdarge optically-thick H/He or
water envelope. Super-Earth on the other hand implies a tearestrial planet, one that may
have a solid or liquid surface and where the atmosphereyijfamtributes a negligible fraction
to the planet’s size. Although this may seem like semantios, of the long-term goals of ex-
oplanet science is to search for biomarkers in the trangomisspectra of potentially habitable
super-Earths. Whether or not a planet has a large H/He qpweémns of kbar deep has very
important implications for habitability.

The current definition used by th&eplermission is that planets 1.5-2F), are super-
Earths, while planets 2.0-4R;, are sub-Neptunes. These round numbers however, do not
quite correspond to our more physically motivated definitad whether or not a planet has a
thick envelope. Figure 4.9 plots the minimum H/He envelapetfons required by our models
vs. planet mass for several different radii in the 1.5R:5super-Earth/sub-Neptune transition
region.

It is quite difficult to construct a 2.8 planet that does not have some sort of thick
envelope. Assuming an Earth-like interior, such planetsld/dave to be 16.51, to explain
their size without any type of envelope. For a completelyificee interior, it is possible to

construct a 2.4, that is only 11M4,. However, completely iron-free is probably not a realistic
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Figure 4.9 H/He envelope fraction vs. planet mass for sijaeth and sub-Neptune sized plan-
ets. Curves are color-coded according to planet radiusimgnigom 1.5-2.5R;,. Here we

assume water-free sub-Neptunes with H/He envelopes atoip-BHe rocky cores.
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composition for planets of several earth masses. IndeddKepler-10b and CoRoT-7b, may
be slightly enhanced in iron compared to the Earth (Batetted., 2011; Hatzegt al,, 2011).

This stands in contrast to the observed sample of likely yqulnets all of which
are<10 Mg. It is possible that more massive rocky planets are yet tmbad, however, the
Kepleris essentially complete for 2R;, within 100 days (Petigurat al., 2013b). For follow-up
RV and TTV mass measurements to have missed a populatied®Mg, rocky planets, they
would need to somehow be biased against more massive aedotteeeasier to detect planets.
Moreover, there are basic arguments in core-accretionryhtbat lead us to expect that there
should not be~20 Mg, rocky planets. By the time a planetisl0 Mg, its gravity should be
sufficiently strong that it should be able to accrete a sulbistaH/He envelope from the disk
(Ikoma and Hori, 2012), and for periogsl0 days be able to retain it against photo-evaporation
(Chapter 3).

On the other hand, if we assume a more typical low-mass plaitieta 5Mg, Earth-
like core, then to be 2.8 it would need 0.5% of its mass in a H/He envelope. This may not
sound like much, but it corresponds &0 kbars of hydrogen and heliurm, 20x higher than
the pressure at the bottom of the Marianias Trench. Moredkertemperature at the bottom
of such an envelope would Bg3000 K, even for ages of several Gyr. We believe that such a
planet is more properly classified as a sub-Neptune. As & r@sdR,, is more of a quite hard
upper limit for the size of a envelope-free super-Earth amdtof the planets between 1.75
and 2.0R., are likely to be H/He rich sub-Neptunes.

If 2.0 Ry, is really the hard upper limit for the super-Earth/sub-Negt transition,

then what is the lower limit? As shown in Figure 4.9, for plen€1.5R it is entirely possible
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to explain their radii without any H/He. Moreover if such pé&s do have any H/He, then it must
be <0.1% of their mass, even if we assume a maximally iron-ricke cdhis is small enough
of envelope that the rock/iron core dominates the planét& Moreover, as shown in Chapter
3 and Owen and Wu (2013), such tenuous envelopes are quiiterable to being completely
photo-evaporated, at least at perigd00 days. This does not exclude the possibility that 1.5
Rs cannot have large water envelopes, but it does suggesthiiaate unlikely to have large
H/He envelopes.

To summarize, we can say that R is likely a hard upper limit for the maximum
size of envelope-free rocky super-Earths andR.5s likely a lower limit for the minimum size
of a H/He rich sub-Neptune. As a result, we suggest usihgy5R., rather than 2.®Ry, for the

dividing line between these classes of planets.

4.6 Discussion

In Sections 4.3 and 4.4, we showed that planetary radiusfisstaorder a proxy for
a planet’'s envelope fraction above2 R;,. This means that the observed radius occurrence
distribution forKepler candidates found by Fressat al. (2013) and Petigurat al. (2013b) is
in reality anenvelope fractioroccurrence distribution for close-in planets at severat. Gg
particular, Fressirt al. (2013) and Petigurat al. (2013b) found that there is a sharp, roughly
power-law like drop off in the frequency of planet occurrerabove~3 R, while below this

there is a plateau in the planet occurrence rate down to it 1.
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Figure 4.10 An updated version of the photo-evaporatioastmld diagram from Lopeet al.
(2012) and Lissaueet al. (2013). Integrated extreme UV heating received by a plamet o
its lifetime vs. current planetary binding energy for alirisiting planets with well determined
masses<100Mg, listed in Table A.2. Points are color-coded by their H/Heatope fractions,
with rust-colored open circles indicating rocky planetsor Eomparison, the dashed line is
the expected evaporation threshold from the coupled tHesswdution and photo-evaporation
models of Lopezet al. (2012). There are no planets with significant H/He envelopel

above this threshold, indicating that the population of-lmass transiting planets has been

significantly sculpted by photo-evaporation.
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4.6.1 Planet Formation

This distribution makes sense in the light of traditionatecaccretion theory. The
timescale for planetesimal collisions to form rocky planistshort compared to the typical life-
time of a disk and such planetesimals are preferentiallgeotrated deep in the star’s potential
well, so nature easily makes large populations of irradiateky planets (Chiang and Laughlin,
2013; Hansen and Murray, 2013).

At larger sizes, planets are limited by their ability to aatera H/He envelope from
the disk before the disk dissipates (Bodenheigetel., 2000; Ikoma and Hori, 2012; Mordasini
et al, 2012). In these models the accretion of the envelope igddnby the ability of the
proto-planetary envelope to cool and contract. This makdgficult to accrete larger initial
H/He envelopes, particularly if thidepler population formed in situ (Ikoma and Hori, 2012).
It easier to form large planets further out, particularlytwed the snow-line where the increase
in the local solid mass makes it easier to trigger runawayedion to make a gas-giant. The
relative scarcity of hot Jupiters found by Fressiral. (2013) and Petigurat al. (2013b), is an
indication that whatever migration mechanism brings ingjasts to orbits<100 days must be
fairly rare.

One key puzzle, however, is the location of the break in tlametl occurrence rate
distribution. If it were due to a transition from a large rgcgopulation to a sub-Neptune
population, with planet occurrence declining with inciagsenvelope fraction, then one would
expect the break to occur atl.5-1.8R;, which we have concluded is likely the maximum

size for bare rocky planets. Instead the break occurs aR2,8ndicating that the occurrence
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plateau must include many volatile rich planets. AlthoughR; is far too large for bare rocky
planets, it is achievable for H/He free water-worlds. ANI@ planet with 80% of its mass in
a water envelope would be2.7 R;. As a result, it is at least possible that the break in the
planet occurence distribution is a transition from an alamdgopulation of rockyand water
rich planets to a population with accreted H/He envelopethefvise, models must explain
why plateau should include a substantial population of gtanvith ~1-3% of their mass in
H/He envelopes before dropping off at larger envelope ifbast

One potential explanation is that perhaps th2-3 R;, planets have hydrogen en-
velopes that were outgassed instead of accreted directty the nebula. Elkins-Tanton and
Seager (2008) showed that low-mass planets can outgas~up%oof their mass after forma-
tion in Hy. However, this was only the case if the planets interiorsevirgitially very wet, with
~ half the mass of their initial mantles in water. This agaiquiees a large of amount of water

or other volatile ices to migrate to short period orbits.

4.6.2 H/He Envelopes Sculpted by Photo-Evaporation

It is also important to note that although the observed madistribution may tell
us the envelope fraction distribution #fepler candidates today, this is not the same as the
initial distribution the planets formed with. As shown in &iter 2, Chapter 3, and Owen
and Wu (2013) the observe<keplerpopulation has likely been significantly sculpted by photo-
evaporation. Close-in low-mass planets have likely lostgaificant fraction of their initial
H/He inventories, resulting in smaller radii today. Furthere, less irradiated planets should

be able to accrete larger initial H/He envelopes in the filat@ (Ikoma and Hori, 2012). As

124



more quarters of data are analyzed and the occurrencebdisbn pushes out to longer periods
there should be a distinct increase in the abundance of Netad sub-Neptune sized planets.

Figure 4.10 shows an updated version of the photo-evapardtireshold diagram
from Lopezet al. (2012) and Lissauegt al. (2013). This diagram compares the heating that a
given planet receives from photo-ionizing radiation to fitenet’s current gravitational binding
energyGM?/R. This type of diagram was first proposed by Lecavelier Des@g2007) for
studying the effect of evaporation from hot-Jupiters argl¢iace become a standard diagnostic
tool for understanding the importance of evaporation (d.gpezet al, 2012; Jacksomrt al.,
2012; Owen and Jackson, 2012; Lissaatrl, 2013; Zahnle and Catling, 2013). For each
planet, we compute the integrated extreme UV flux that a pl@oeives at its semi-major axis
from when it was 10 Myr old until now. To estimate the XUV outmf from the star at ages
> 100 Myr we use the empirical scaling-labuy = 29.7(age/Gyr)123(a/AU) 2 ergst cm™
from Ribaset al. (2005); at earlier ages we assume that the XUV irradiatidaorates is in
Lopezet al. (2012) based on x-ray observations from Jacksbal. (2012). We then multiply
this integrated XUV flux by the planet’s current cross—scm:t'ng.

In order to compare to a more detailed model, we include tipeeted evaporation
threshold predicted by our coupled thermal evolution arapevation model from Lopeet al.
(2012). This accounts for changes in the planet’s size dsdlifétime due to both thermal
evolution and evaporation. This model is defined by a pheaperation efficiency, i.e., the
fraction of the incident XUV flux that is converted into uskfwork to remove mass. That this
threshold lies so close to the one-to-one line is a coindégtine 10% evaporation efficiency is

conter balanced by the fact that planets were 2-3 timesravhen the were young and most
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evaporation was taking place (Lopetzal.,, 2012).

Figure 4.10 shows that the population of highly-irradiated-mass planets have
likely had their H/He envelope fractions, and thereforeirtihadii, significantly sculpted by
photo-evaporation. It is worth noting that since we firstimited a version of this diagram in
(Lopezet al, 2012), the sample size has nearly doubled including thepdesy of extremely
low-density planets like Kepler-79d (Jontof-Huttral., 2013). Nonetheless, there are still no
observed transiting planets with substantial H/He enveddpat lie above the predicted evapo-
ration threshold. Of the planets that do lie above the ttolestvo, Kepler-10b and Kepler-78Db,
are likely rocky (Howarcet al,, 2013; Pepet al,, 2013), and the third, 55 Cancri e, likely has
steam envelope (Gilloet al,, 2012). All three of these planets, and many of the Eartbedte-
pler candidates, are consistent with being the evaporated mnabsub-Neptunes that initially
had H/He envelopes.

Consequently, hoto-evaporation has important implicegtir current efforts to mea-
sure eta-Earth (e.g., Petiguea al, 2013a), the frequency of Earth sized planets in the habit-
able zones of Sun-like stars. ThHepler survey is highly incomplete for Earth-sized planets
on orbital periods longer than200 days (e.g., Petiguiet al,, 2013b,a). If most of Kepler's
short-period Earth-sized candidates are in fact the pheaporated remnants of former sub-
Neptunes, then current efforts to extrapolate the frequenthese candidates to longer orbital
periods, where evaporation becomes much less effectivee(Camd Jackson, 2012), will sig-
nificantly overestimate the frequency of Earth-sized pigane

Another potential effect of photo-evaporation is the opgnilp of an “evaporation

valley” in the radius-flux distribution (Lopez and Fortn@g13a; Owen and Wu, 2013). Photo-
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evaporation makes it less likely that planets will survivighvwenvelopes<1% of their mass if
they are on highly irradiated orbits. Planets will tend tiher retain more substantial envelopes,
or lose them entirely. More work needs to be done to carefdbrch for such a deficit, however
there are some preliminary indications that it may exist.thBibe raw candidate distribution
(Owen and Wu, 2013), and a well-studied sample of M-dwarfsr{tvh and Swift, 2013), appear
to show a slight dip in the frequency of planets~& R+. Such hints are still preliminary, but
if real this has important implications for constrainingetenvelope fractions of thKepler
population, since any large variation in the water fractidrclose-in planets will tend to erase
such a feature (Chapter 3). Using the models presented ihésepossible to instead study
the Keplerenvelope fraction distribution, which should aid in detegtany such “evaporation

valley.”

4.7 Chapter Summary

One of the key strengths of the thermal evolution models bsed is that they allow
us to predict the radius of a planet as a function of mostlenlable parameters; namely, planet
mass, incident flux, age, and envelope fraction. For Nepamaesub-Neptune size planets, we
showed in section 4.3, that the effect of varying planet neasscident flux on the radius is an
order of magnitude smaller than the effect of varying thetfom of a planet’s mass in a H/He
envelope. In section 4.3.2, we described how this flatneispinomposition mass-radius curves
arises as a hatural result of our thermal evolution modedsa £esult of these features, planetary

radius is to first order a proxy for the H/He inventory of subgtune and larger planets, almost
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independent of their mass. In section 4.4 we showed the closeection between radius and
envelope fraction for the observed population of trangifilanets with measured masses. We
then demonstrated how our models allow us to recast the \wbenass-radius distribution
as a massompositionrelationship, allowing a more direct comparison to moddlplanet

formation and evolution.
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Chapter 5

Further Applications and Prospects for the

Future

5.1 Further Applications of the Models

In addition to the works described in Chapters 2, 3, and 4 audeis have been used
in a number of other studies for which | was a coauthor. Oumtia¢ evolution models were
used to determine possible planetary compositions for igmodery of many oKeplers most
exciting multi-planet systems. This includes both theahidiscovery (Lissaueet al,, 2011a)
and subsequent follow-up (Lissauer al, 2013) of the incredibly rich six-planet Kepler-11
system, which is explored in great detail in Chapter 2. Lilssywour models were used to
estimate H/He envelope fractions for the initial discovefythe two-planet Kepler-36 system
(Carteret al, 2012), which is further explored in Chapter 3.

In addition to determining H/He envelope fractions for @enwith measured masses
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and radii, it is also possible to use our models to rule outescompositions, even for planets
without measured masses. In the case of extremely smallyhigadiated transiting planets,
we can use our photo-evaporation models to show that a ptanetot retain a H/He or steam
atmosphere for any possible mass. This technique was ylartic useful in the discovery of
Kepler-37b, the first sub-Mercury sized extrasolar plaBair¢layet al., 2013). In Barclayet al.
(2013) we showed that even if Kepler-37b formed with the mmaxn possible steam envelope
given its radius, it would have lost that envelope in <10 M8y showing that the planet had
to have a rocky composition, we were also able to set a minimplametary mass of 0.0M,,
similar to the mass of our Moon. This minimum mass, combindti Wepler-37b’'s 13 day
orbit, means that the planet is sufficiently massive to dyinalty clear its orbit. Therefore
despite being smaller than any planet in our Solar Systermldk@&7b is not a dwarf planet but
instead the smallest known planet.

In addition to studies of individual systems, the grid ofrthal evolution models
described in Chapter 4 have been made publicly availabldavelbeen used by several authors
(e.g., Lugaret al. in prep, Masuda, 2014). In particulaasthmodels have been used extensively
by my collaborator Angie Wolfgang to constrain the disttibn of H/He envelope fractions
amongKepler candidates on short-period orbits (Wolfgang & Lopez in prefrhis project
takes advantage of the tight correlation between planetssid current H/He envelope fraction,
for planets >3R5, as discussed in Chapter 4. Using hierarchical Bayesiarelimgy it is
possible to marginalize over the uncertain mass distdbuind derive composition posteriors
for Keplercandidates, even without individual mass measurements. igBssential since the

vast majority ofKepler candidates will never have individual mass determinatiovi®st are
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in singly transiting systems around faint stars, makingnipossible to determine masses from
either TTVs or the Radial Velocity. In particular, Wolfga&gLopez (in prep) is focused on
determining the transition between purely rocky and vigatch planets for a sample &fepler

candidates with orbital periods less than 25 days.

5.2 Future Improvements to the Models

5.2.1 Improved Photo-Evaporation Efficiencies

In order to understand the evolution of highly-irradiatealatile-rich planets, a de-
tailed and reliable planetary evaporation model is needay limitation of our current model
is the assumption of a fixed photo-evaporation efficiencyis Tan often-used approximation
that parametrizes the fraction of the incident XUV energgttis converted into useful work
to remove mass from a planet. For super-Earth and sub-Neized planets receiving10-
1000x more incident flux than the Earth, this efficiency should ¢ty be~10% (e.g., Ribas
et al,, 2005; Sanz-Forcadat al., 2011; Owen and Wu, 2013). Fortunately, this range of param-
eter space covers most of planets and candiates foutkpler, including those examined in
Chapters 2 and 3.

In reality, however, the photo-evaporative efficiency istsethe details of ionization
balance and XUV heating and cooling in a planet’s thermaspheor highly irradiated planets
in the hydrodynamic limit, the evaporative wind begins a XUV photosphere, the point at
which a planet’s upper atmosphere becomes optically thiphimto-ionizing radiation (e.g.,

Yelle, 2004; Murray-Clayet al, 2009; Owen and Jackson, 2012). Typically, this occurs at
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pressures around 1 nbar (Murray-Clayet al,, 2009). Beyond this point the evaporative wind
accelerates until it eventually passes through a sonid pathceases to be in causal contact with
the planet (e.g., Yelle, 2004; Murray-Clay al,, 2009; Owen and Jackson, 2012). However, in
between the XUV photosphere and the sonic point, much ofritident XUV energy gets re-
radiated into space due to recombination cooling and x-ragahiines, particularly those of
carbon and oxygen (Owen and Jackson, 2012). It is this XUVatiad cooling that sets the
photo-evaporation efficiency. As a result, the evaporatifficiency should depend sensitively
on a planet’s level of irradiation, metallicity, and the lecheight in the evaporative wind.

For example, it is known that on extremely irradiated orfitbital periods~3 days
or less), the efficiency should decrease significantly dwegbarp rise in recombination cool-
ing (e.g., Murray-Clayet al, 2009; Owen and Jackson, 2012). Likewise as a planet ages and
its gravity increases, the efficiency should decrease duketaecreasing scale height in the
planet's upper atmosphere (Owen and Wu, 2013).

Thus far, most photo-evaporation models have either fataigber on the early Solar
System or on large hot Jupiters with solar composition apheses. However, solar com-
position may be a poor approximation, since low-mass pfaliet sub-Neptunes may have
atmospheres that are highly enriched in astrophysical Imétartneyet al,, 2013). Indeed, in
the Solar System the atmospheres of Uranus and Neptune @ ka be~100x more abun-
dant in carbon than in than the Sun (Fortretyal, 2011b). Some planets, like 55 Cnc e and
Kepler-11b, may even have pure steam atmospheres (Letpedz 2012). The effects of such
metal-rich atmospheres on evaporation are not yet well nstoled. In general, the mass loss

efficiency should decrease in metal-rich atmospheres daed&crease in scale height and an
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increase in cooling by carbon and oxygen (Owen and Jack€d?)2 Modeling these effects

in detail will be a major focus of future work.

5.2.2 Including Tidal Evolution

If some planets form far from their current orbits, then tmayst somehow migrate
in to their current highly irradiated orbits. One posstyilis that planets migrate in on circular
orbits due to torques raised in the proto-planetary disg.(dda and Lin, 2010; Mordasini
et al, 2009). Alternatively, planets may scatter onto highlyestdc orbits due to multi-planet
interactions (e.g., Wu and Lithwick, 2011).

Close-in planets on eccentric orbits will experience eraustidal interactions with
their host stars (e.g., Jacksenal, 2010). Over time this will cause a planet’s orbit to circu-
larize; however, in the process an enormous amount of helatparable to the planet’s binding
energy, can be deposited deep in a planet’s interior, sigmifiy inflating a planet’s size (Jack-
sonet al, 2010). This increased radius will, in turn, translate iattarger photo-evaporative
mass loss rate. Thus, if planets typically scatter in on mtticeorbits, then they should be sig-
nificantly more vulnerable to photo-evaporation than ifjthad migrated in on circular orbits.

Moreover, since the strength of tidal heating is a strongtion of orbital period, tidal
heating should steepen the period dependence of the phaporation threshold in Chapter
2. This means that we might be able to use the period depead#nghoto-evaporation to
constrain the initial eccentricity distribution of th€epler candidates and therefore whether
they underwent planet-planet scattering.

Likewise, the tidal history of a planet will depend strongly its thermal evolution.
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At young ages, the rocky cores of sub-Neptunes will be fulbiten due to the initial heat from
formation (Lopez and Fortney, 2013b; Hennieigal., 2009). These initially molten cores will
have a low viscosity leading to long tidal evolution timdssaand relatively little tidal heating
(Henninget al, 2009). Eventually, however, a sub-Neptune’s rocky coréasil enough for
the mantle to begin to solidify (Lopez and Fortney, 2013bniieget al,, 2009). When this hap-
pens the mantle viscosity will increase by orders of magigifueading to rapid circularization
and much higher tidal heating rates (Hennetgl., 2009). This tidal heating will in turn feed
back into the thermal evolution, delaying the solidificataf the mantle. As result, there should
be continual feedback between the thermal, tidal, and eatipe evolution of short-period sub-
Neptunes. We plan on exploring these effects by couplingpboto-evaporation and thermal

evolution models with the visco-elastic tidal heating meds# Henninget al. (2009).

5.3 Prospects and Challenges for the Future

Below we examine the future prospects for understandingdinepositions and ori-
gins of sub-Neptune and super-Earths. We discuss the ralewoftransiting planet discovery
missions likeK2, TESSandPLATQ We examine the opportunities and pitfalls of characteriz-
ing exoplanet atmospheres with transmission spectrosdéeapglly, we examine the strength of
population studies and the possibility of combining oumplaevolution models with statisti-
cally modeling (e.g., Wolfgang & Lopez in prep.). We re-exaethe evaporation valley found
in Chapter 3, and discuss the resources that will be neediudtand interpret this feature. In

particular, we discuss the need for more accurate stell@npeters for théeplertarget stars
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and the need for a systematic determination the ndastsibution of low-mass planets from

radial velocity surveys.

5.3.1 New Instruments for Discovering Sub-Neptunes

Over the next decade a suite of new transiting exoplaneegunissions are sched-
uled to be launched in order to build and expand upon the YegiKepler. These efforts may
begin later this year with the propos&@ mission conceptk?2 is a proposed extended mission
currently under NASA Senior Review that would re-purposeKiplerspacecraft to perform a
new two to three year survey of stars near the ecliptic pl&tvell et al., 2014).

Nextin 2017 NASA plans to launch thigansiting Exoplanet Survey SatellfEESS,
an all-sky survey that will complete the census of hot sulpthiee and larger planets around
nearby G & K dwarfs brighter than 12th magnitude (Demat@l.,, 2009; Rickeret al., 2010).
Unlike the originalKepler mission, TESSwill only monitor each field for~30 days, focusing
on the discovery of nearby short-period planets, rathen tha long-term planet monitoring
or on the statistics of planets in the habitable zone (Dereirgj., 2009; Rickeret al,, 2010).
However, becaus€ESSs an all-sky survey it will cover- 400x the area oKepler, enabling it
to find many more planets around nearby bright stars that eaaracterized with both ground
and space-based follow-up observations (Dengingl., 2009; Rickeret al.,, 2010).

K2 meanwhile, represents an excellent middle-ground betwleemprimaryKepler
mission andTESS By observe multiple~100 sq. degree fields for 75 days eakl2, will find
smaller and longer period planets than TESS while still pbisg enough of the sky to provide

some candidates around bright stars suitable for follovelogervations. Moreover, due to its
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balance between coverage area and depth of detd€fBas particularly well-suited to finding
small short-period planets around M-dwarfs (Howetlal,, 2014). Such planets are particularly
valuable because their frequent transits and favorableepkm-star size ratios make it much
easier to obtain high quality transmission spectra (e.gleiRicci et al., 2009; Charbonneau
et al,, 2009).

Finally, in 2024 ESA plans to launch tidanetary Transits and Oscillations of stars
(PLATO mission. With 34 separate small aperture refracting telpes,PLATOwill have a
truly enormous field of view, observing 2232 sq. degrees patimg (Raueket al, 2013). This
is over 20k larger than the origindkepler fieldand represent over 5% of the entire sky. Through
a combination of multi-year long pointings and “step-atara’ short pointingsPLATOwill
observe over one million stars, with particular focus on ifigdsmall, potentially rocky plan-
ets around bright, magnitude 4-11, sun-like stars (Ratiat., 2013). MoreoverPLATOwill
observe its entire field on a 25-32 second candence (Rawdy 2013), compared t&eplers
~30 minute cadence (Boruckt al., 2010). Combined with the brightness of the target stars,
this means thaPLATOwill be able to obtain highly accurate stellar propertiemirasteroseis-

mology for the vast majority of its sample (Rawadral., 2013).

5.3.2 Observational Opportunities for Characterizing Atmospheres

One of the key limitations of the primaigeplermission was that in order to obtain a
sufficiently large sample size it was forced to limit itsalfdbserving a single field in the thick
disk of the galaxy (Borucket al,, 2010). As a result, the target sample is almost entirely an

old stellar population, with very few stafsl Gyr old (Huberet al,, 2014). By performing all-
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sky or ecliptic plane surveys these future missions willude a much larger fraction of young
stars in the galactic plane or in nearby open clusters. Tesn® up the possibility of catching
young low-mass planets in the midst of undergoing catalsicopvaporation. Moreover, since
these planets will be around relatively bright, nearby eétésdgt may be possible to characterize
evaporative outflows with instruments like HST CoS and SEI8nething that has so far only
been possible for hot Jupiters (e.g., Lecavelier des Eteingls 2004; Vidal-Madjaet al., 2003;
Ehrenreichet al,, 2012).

These upcoming transit surveys will also provide a wealthef targets for obtain-
ing high quality spectra of the atmospheres of low-mass lexaps (Deminget al, 2009). As
discussed in Chapters 2 and 4, it is difficult to constraindbmmpositions of sub-Neptunes by
measuring masses and radii due to degeneracies betweemadhats of rock, iron, water, and
H/He in a planet’s interior. Although planetary radii can tmed to constrain the fraction of
a planet's mass in it's H/He envelope (Chapter 4), mass afidgalone cannot constrain the
fraction of a planet's mass in water or other volatile icegariBmission and emission spec-
troscopy are excellent tools to break this degeneracy afhmdwnstrain the compositions of
exoplanetary atmospheres (e.g., Miller-Rietal.,, 2009). The depth of atmospheric absorption
features is primarily determined by the scale height andefbee the mean molecular weight
of the atmosphere (Miller-Ric@t al., 2009). As a result, spectroscopy is potentially an excel-
lent way to determine the composition of sub-Neptune atimesms (Miller-Ricciet al., 2009;
Miller-Ricci and Fortney, 2010), which in turn provides abraints on the bulk compositions of
those planets.

High signal-to-noise transmission and emission spectva historically been lim-

137



ited to hot Jupiters (e.g., Charbonnestal,, 2002; Deminget al, 2005; Knutsoret al., 2008;
Stevensoret al,, 2013). Recently, Wide Field Camera 3 (WFC3) on the Hubblac8prele-
scope has significantly improved the quality and resolutibtihese spectra (e.g., Demiegal.,
2013; Ranjaret al,, 2014). Moreover, future instruments like the Near InfrdR&pectro-
graph(NIRSpec, Possadt al, 2004) aboard the James Webb Space Telescope (Gatakr
2006) promise the opportunity to achieve high S/N mediumlg®n spectra for even Earth-
sized exoplanets (Demirgg al, 2009). Nonetheless, GJ 1214b (Charbonnetzal,, 2009) and
HD 97658b (Dragomiet al., 2013b) are currently the only sub-Neptune sized planetis ai
observed transmission spectra (e.g., Beaal, 2011; Désertt al,, 2011; Crollet al, 2011;
Bertaet al,, 2012; Kreidberget al,, 2014; Knutsoret al,, 2014b). Rather than a lack of observ-
ing facilities, the field is currently limited by a lack of gets around sufficiently bright nearby
targets. Correcting this mismatch is one of the primary gi@dlupcoming surveys likEESS

andK2 (Deminget al,, 2009; Howellet al,, 2014).

5.3.3 Challenges in Interpreting Spectra

Unfortunately, even with access to high quality atmospghspiectra, it can be difficult
to constrain atmospheric abundances. High altitude claugshotochemical hazes can com-
pletely flatten planetary transmission spectra, mimickimg effects of high mean molecular
weight (e.g., Morleyet al, 2013; Fortneyet al., 2013; Knutsoret al,, 2014a; Kreidberget al.,
2014). At equilibrium temperatures from 500-2000 K there are a wide range sulfide, metal,
and silicate clouds that can condense in the observablerrefia planet’'s atmosphere (Fortney,

2005; Morleyet al,, 2012, 2013). Likewise it is possible that complex orgardzds may form
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high up in many exoplanetary atmospheres due to UV photlylsmethane (e.g, Miller-Ricci
Kemptonet al, 2012b; Morleyet al,, 2013). High altitude clouds or hazes must be present in
GJ 1214b (Miller-Ricci Kemptomet al, 2012b; Howe and Burrows, 2012; Morley al,, 2013;
Bertaet al,, 2012; Kreidberget al., 2014), where despite an enormous community effort it is not
possible to determine the atmospheric composition (Bsréd, 2012; Kreidberget al., 2014).
Moreover, even in the absence of clouds, abundance rdtfi®ra low-resolution
spectra or broadband photometry can be highly degenergtel(@eet al,, 2012, 2014; Hansen
et al, 2014). In the near infrared CHHNH3, CO, CGQ, H,O can all be important and this
degeneracy is further complicated by the possibility ofitie inversions, non-Solar C/O ratios,

or disequilibrium chemistry (e.g., Lingt al, 2012, 2014).

5.3.4 Harnessing The Power of Planet Population Studies

These challenges mean that for individual sub-Neptuneegdait will often be diffi-
cult or impossible to constrain their bulk water abundanug therefore their origin with either
atmospheric spectra or mass and radius measurements.r Retheimply examining systems
on an individual basis, this difficulty points to the impaorta of identifying diagnostic trends
in the overall population of low-mass exoplanets.

In Chapter 3 we identified one such key diagnostic trend. Icti&e 3.5.1 we dis-
cussed the predicted “evaporation valley” in which plaséiguld be relatively rare between the
population of H/He rich sub-Neptunes, and the populatiostiiped rocky super-Earths. This
occurrence valley corresponds to planets that he@€el-1% of their mass in a H/He envelope.

Although such tenuous envelopes are easily lost to phapearation, they significantly in-
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crease a planet’s radius (Lopetzal.,, 2012; Lopez and Fortney, 2013a,b; Owen and Wu, 2013).
Consequently, planets should quickly shrink-0@.5 Earth radii as they lose the last few kbars
of H/He from their envelopes (Lopez and Fortney, 2013a; Owameth Wu, 2013). However,
this evaporation valley will only occur if most close-in pkts contain relatively little water. If
most hot Neptunes and sub-Neptunes form far from their otiwebits, then water and other
volatile ices should dominate their mass (e.g., Rogéml., 2011). Moreover, not all planets
will contain the same amount of water. This will produce agenf core radii, smearing out any
trends with radius and filling in the valley (Chapter 3). Asault, the depth of the evaporation
valley can be used to diagnose whether or not most NepturtesuimNeptunes form in situ. If
most Kepler planets form close to current orbits, then tistieuld be a clear valley in the joint
radius-flux distribution. On the other hand, if most of thes&enets form beyond the snowline
then the valley should be filled in (Chapter 3).

In principle, it should be possible to directly fit for the dlejf this evaporation valley
as a way to constrain the initial distribution of water fiaotamong theKeplersub-Neptunes
and super-Earths (Lopez and Fortney, 2013a; Owen and W@)2This could be done using
Bayesian statistical modeling tools similar to those use@blfgang & Lopez (in prep.), as
discussed above in Section 5.1. Although this would notuglithe composition and origin of
any individual planets, it could determine whether the paton as whole primarily formed in
situ with little or no volatile ices or if they formed and maged from beyond the snowlines.

In practice, however, there are a number of issues that nieemtsort of statistical
comparisons difficult. First and foremost is the need toeaxdirthe radius distribution dfe-

pler candidates for selection effects and pipeline complete(esg., Petigurat al., 2013b,a;

140



Christianseret al,, 2013). Although some biases like the geometric probgbdfttransit are
easy to correct for, others like the detection efficiencyhef light-curve reduction pipeline are
extremely difficult to characterize and usually requiregtjon studies on synthetic populations
(e.g., Petigurat al,, 2013b,a; Christiansegt al.,, 2013).

Likewise, it is critical that transiting surveys and theatldw-up observations estab-
lish a precise, reliable, and homogeneous set of stellanpeters. Transiting planet measure-
ments only measure the size of a planet in relation to thedfiite parent star. Given the close
relationship between planet radius and H/He envelopeifrmgChapter 4), the uncertainty
in stellar radius is typically the greatest source of uraiaty in deriving planetary composi-
tions (Chapter 4). Unfortunately, the initial stellar paeters from the Kepler Input Catalog
(KIC) included large uncertainties, typicaly10% in stellar radius (e.g., Hubet al., 2014;
Batalhaet al, 2013b). Moreover these stellar classifications were siomest unreliable and
contained systematic biases, particularly for later gpkttpes (e.g., Muirheadt al., 2012). In
some cases the KIC even confused low-mass M-Dwarfs witlveslakd giants (e.g., Muirhead
et al, 2012; Hubeet al, 2013). Fortunately, there is a large on going communitgrefo ob-
tain precise accurate stellar parameters for all the plaastingKeplerstars (e.g, Hubegt al,,
2014). However, if we truly wish to understand the detectdficiency then it is important to
obtain accurate stellar parameters for the entire targapkaand not just those with detected
transits. This will be easier for future surveys liKESSandPLATOsince their rapid cadence
and brighter target stars will make easier to obtain stgllameters from stellar spectra and
asteroseismology (Demireg al, 2009; Rickeret al, 2010; Raueet al., 2013); however, it will

still require an enormous community effort.
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Finally, it is also critical that the community obtain a dateunderstanding of the
mass distribution of short-period sub-Neptune and supethEnass planets from radial-velocity
surveys. Without mass determinations it is possible to twaimsthe present-day H/He enve-
lope fractions of many planets (Wolfgang & Lopez in prep.a@ter 4). However, the photo-
evaporation history of a planet depends sensitively on tassnof its core (Chapter 3). There-
fore, if we wish to understand the original compositionstafde planets after formation, it is
essential that we understand their mass distribution. hegéd, however, radial velocity sur-
veys have been optimized for maximizing the rate of indigidplanet discoveries rather than
in understanding the overall mass radius distribution @y&t al,, 2014a,b).

Typically when a possible planet is first detected it is gikiéh priority until a reliable
mass is determined; meanwhile stars that fail to yield aapgtis are monitored less frequently.
Often this decision process is entirely subjective. Thiittluces strong selection biases that are
difficult to characterize and make it nearly impossible ttedmine the overall mass distribution
of radial velocity planets. There is a need for a carefulesysttic radial velocity survey of Sun-
like stars for relatively short period<50 days, planets from-2-20 Mg. This survey would
need clear and reproducible target selection criteriasistent monitoring of all targets, a well
characterized reduction pipeline, and to include nonalete and marginal detections as well
as confirmed planets.

Determining the nature and origin #feplers sub-Neptunes and super-Earths will
require a large collaborative effort. We will need carefuétmal and photo-evaporative evo-
lution models, combined with powerful statistical modgliand accurate and precise radius,

mass, and period distributions that have been correcteskfection biases. Ultimately, we will
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then be able to combine all of these disparate pieces tagetlietermine the current and past

compositions and directly constrain the formation of thisiging new class of planets.
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Table A.1.

Minimum Masses and Densities for Selected KOIdthtes

KOl KepMag P (day) Fy(Fs) Rp(Rs) Mpmin(Me) Kmin(Ms™)
70.01 1250 1085 803 3.09 39 121
70.02 1250 369 3435 192 39 175
85.01 1102 585 4034 235 58 1.83
94.02 1221 1042 2099 343 74 192
10401 1290 250 2334 3.36 75 4.08
10501 1287 898 1303 335 56 194
107.01 1270 725 3017 3.09 76 229
11001 1266 994 2205 292 59 162
11502 1279 712 4091 188 42 1.29
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Table A.1 (cont'd)

KOl KepMag P (day) F(Fs) Ro(Rs) Mpmin(Mg) Kmin (MS™)
117.02 1249 490 4369 170 37 125
12201 1235 1152 1088 278 39 1.06
12301 1237 648 4614 264 74 246
12401 1294 1269 2278 3.00 63 1.65
24601 1000 539 4048 253 65 227
25701 1087 688 3086 261 59 1.80
26202 1042 937 4918 279 83 220
27701 1187 1623 1774 3.82 80 191
28001 1107 1187 1549 252 40 116
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Table A.1 (cont'd)

KOl KepMag P (day) Fy(Fs) Ro(Rs) Mpmin(Ms) Kmin (M
28101 1195 1955 1923 346 12 199
28501 1157 1374 1805 338 6.7 161
28801 1102 1027 4339 311 92 214
29102 1285 812 2478 214 39 125
29501 1232 531 3397 177 35 122
29701 1218 565 4821 165 37 125
30101 1273 6.00 3992 175 37 117
32301 1247 583 1662 217 33 121
984.01 1163 428 2597 319 74 291
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Table A.1 (cont'd)

KOl KepMag P (day) Fp(Fs) Ro(Rs) Mpmin(Ms)  Kmin (MS™)
98701 1255 317 4048 128 23 103
111701 1281 1108 3275 220 47 113
122001 1299 640 4414 195 4.6 152
124102 1244 1050 4853 3.84 133 317
159701 1268 779 4236 267 72 1.86
169201 1256 596 1759 265 46 161
178101 1223 7.83 613 3.29 37 138
178102 1223 300 2196 194 32 163
192101 1282 1600 1729 3.09 57 128
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Table A.1 (cont'd)

KOl KepMag P (day) F(Fe) Ry(Rs) Mpmin(Ma) Kmin(ms™)

192901 1273 969 2517 200 36 111

206701 1258 1324 3472 297 7.6 169

Note. — Minimum masses given by equation (2.7) for KOI caatkd selected for
being promising targets for RV follow-up. In order to focus gromising candidates we
cut the sample to planets wiklyn > 1.0ms? around stars with KepMag 13. We only
included planets witlr, < 500Fg andR, < 4 Ry. This leaves us with 38 high-quality

targets, eight of which havémin > 2.0ms?.

184



Table A.2. Compositions for Transiting Planets with MeasuMasses

Planet Name Masdg) RadiusRg) H/He Envelope Fraction

Kepler-78b  1.69941  1.20+39 > 0.01%
Kepler-11b ~ 1.96}33  1.80£532 0.51%+9-33%
Kepler-11f  2.0a-3& 2.49+3%4 2.28%4329%
Kepler-11c ~ 2.9a:2% 2.87+998 6.10%-+521%
Kepler-79e  4.18120  3.49+014 7.99%-+195%
Kepler-36b  4.4633%  1.48:553 > 0.04%
Kepler-10b ~ 4.5%12%  1.414333 > 0.01%
Kepler-79c  5.9a130  3.72£5% 8.85%+9.09%
Kepler-79d  6.08:239 7.16+:913 36.7%+3555%
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Table A.2 (cont'd)

Planet Name Masdg) RadiusRg) H/He Envelope Fraction

Kepler-87c  6.4833)  6.15:392 34.5%-+54550
GJ1214b 6.46:5-9 2.67+912 3.83%+330%
Kepler-18b  6.87348  2.00£533 0.31%+9.28%
Kepler-11d ~ 7.38:28)  3.12+0%8 4.57%+154%
CoRoT-7b  7.42}21  1.67+3%9 > 0.03%
Kepler-68b  7.59-298 2.30:992 0.35%-9-38%
Kepler-68b  7.68-219 2.30+338 0.76%+331%
HD97658b  7.86073  2.34+318 0.99%-191%
Kepler-1le  8.083%%  4.19+5%7 15.0%+}79%
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Table A.2 (cont'd)

Planet Name Masdg) RadiusRg) H/He Envelope Fraction
Kepler-36c  8.1892%  3.67£5% 7.80%-+197%
55Cnc e 8.32933 1.99+3% 0.14%+323%
Kepler-20b  8.43212  1.90:91} > 0.28%
Kepler-79b  10.9%80  3.47+5%7 6.56%-+3 4%
GJ3470b 13.9183 4194239 12.8%+235%
Kepler-20c ~ 15.%331 3.06+:218 3.45%+137%
Kepler-18d  16.3133  6.97£5% 37.5%+329%
Kepler-18c ~ 17.21}3  5.48:323 23.6%-+3[2%
HAT-P-26b  18.6-338 6.33+928 31.7%+520%
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Table A.2 (cont'd)

Planet Name Masdg) RadiusRg) H/He Envelope Fraction

GJ436b 23.181 422409 12.0%-+329%
Kepler-4b 24.5:497 4.00+£521 7.70%-+554%
HAT-P-11b  26.2:28  4.73t913 15.1%-+588%
WASP-77Ab  37.9:58 13.5+922 100.%+339%
Kepler-35b  40.3:332 8.16+213 47.0%+398%
Kepler-9c 53.522 9.2240.78 64.9%-+598%
HAT-P-18b  62.6:428  11.1+088 87.1%+7330
HAT-P-12b  66.9:413  10.74:0% 80.3%+4 2500
CoRoT-8b  68.61%8  6.38£022 28.6%-+253%
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Table A.2 (cont'd)

Planet Name Masdg) RadiusRg) H/He Envelope Fraction
Kepler-34b  69.931%  8.56£513 53.2%-+139%
WASP-29b  77.28%  8.874:0%2 60.0%4L 3708
Kepler-9b 79.6:8¢ 9.43+377 62.5%-+528%
HAT-P-38b  85.6:842  9.24+103 62.8%+3%530
WASP-39b  90.3:3%7 1424944 100.%+339%
HAT-P-19b  92.83%  12.6:080 100.9%+0 00%
WASP-21b  95.43% 11.9£587 100.%+9.9%%
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Table A.2 (cont'd)

Planet N\ame Masdg) RadiusR;) H/He Envelope Fraction

Note. — Confirmed planets with well determined masses lems 100
Mg from exoplanets.org (Wrighet al, 2011). Here we list each planets
name, mass, radius, and the fraction of its mass in a H/Hdageaccord-
ing to our thermal evolution models. Planets with upperténgiorrespond

to potentially rocky planets.
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Table A.3.

Low Mass Planet Radii at 100 Myr, Solar Metaljicit

Flux (F;) Mass Ms) 0.1% 0.2% 05% 1% 2% 5% 10% 20%
0.1 1 1.21 132 165 2.17 2.75 4.32 6.81 117
0.1 15 1.30 140 1.71 2.15 2.65 3.97 6.18 10.6
0.1 2.4 142 153 179 2.17 2.58 3.66 5.36 9.05
0.1 3.6 154 1.64 1.89 2.21 2.56 3.49 4.93 7.86
0.1 5.5 1.69 179 2.01 2.28 2.60 3.37 4.58 6.96
0.1 8.5 1.85 1.95 2.14 2.39 2.67 3.36 4.35 6.32
0.1 13 2.02 211 230 252 2.78 3.41 4.29 5.94
0.1 20 2.20 2.29 247 2.67 2.93 3.52 4.32 5.75
10 1 1.31 1.44 1.82 2.40 3.06 472 7.13 11.1
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Table A.3 (cont'd)

Flux (F;) Mass Ms) 0.1% 0.2% 05% 1% 2% 5% 10% 20%
10 15 1.38 150 1.84 2.32 2.88 4.31 6.47 10.4
10 2.4 150 1.59 1.88 2.26 2.71 3.88 5.67 9.14
10 3.6 1.60 1.71 1.95 2.27 2.64 3.61 5.13 8.11
10 5.5 1.73 1.84 2.05 2.33 2.66 3.46 4.70 7.13
10 8.5 1.89 1.98 2.18 2.43 2.72 3.42 4.43 6.39
10 13 2.05 2.14 2.32 255 2.82 3.46 4.35 5.96
10 20 2.23 231 249 2.69 2.95 3.56 4.37 5.77
1000 1 1.75 1.83 2.30 3.12 3.99 6.21 8.88 11.3
1000 1.5 1.77 1.89 2.31 3.02 3.83 6.01 9.41 14.0
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Table A.3 (cont'd)

Flux (Fz) Mass Ms) 0.1% 0.2% 0.5% 1% 2% 5% 10% 20%
1000 2.4 1.81 1.93 2.32 2.90 3.55 5.35 859 15.4
1000 3.6 1.87 1.99 234 2.81 3.36 4.82 7.27 134
1000 5.5 1.96 2.08 237 2.76 3.22 4.39 6.25 10.3
1000 8.5 2.08 2.19 250 2.76 3.15 4.12 556 8.48
1000 13 2.21 2.31 258 2.81 3.16 3.99 5.18 7.43
1000 20 2.35 245 2.68 2.90 3.21 3.94 4.97 6.80

Note. — Radii of planets, iRg. Column 1 is incident flux on the planet,

relative to the solar constant. Column 2 is the total plane$sinMg,. Oth-

erwise, column headers indicate the fraction of a planetissrin the H/He

envelope.
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Table A.4. Low Mass Planet Radii at 1 Gyr, Solar Metallicity

Flux (F;) Mass Ms) 0.1% 0.2% 05% 1% 2% 5% 10% 20%
0.1 1 115 1.28 155 1.79 2.13 2.98 4.26 6.74
0.1 15 1.26 1.38 162 1.82 2.13 2.87 3.96 6.10
0.1 2.4 1.39 152 1.72 1.90 2.16 2.81 3.75 5.52
0.1 3.6 152 1.65 1.82 1.99 2.23 2.81 3.65 5.21
0.1 5.5 1.67 179 1.95 2.11 2.34 2.87 3.62 5.00
0.1 8.5 1.83 1.94 210 2.25 2.47 2.97 3.67 4.91
0.1 13 2.00 211 2.25 2.40 2.61 3.11 3.77 4.92
0.1 20 2.19 2.30 2.42 2.57 2.78 3.28 3.92 5.00
10 1 1.27 147 181 2.12 2.58 3.63 5.07 7.45
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Table A.4 (cont'd)

Flux (F;) Mass Ms) 0.1% 0.2% 05% 1% 2% 5% 10% 20%
10 15 1.36 152 1.82 2.08 2.47 3.40 4.68 6.96
10 2.4 1.48 1.63 1.86 2.08 2.41 3.18 4.26 6.24
10 3.6 159 1.72 1.93 2.12 2.40 3.07 4.02 5.73
10 5.5 1.72 1.85 2.02 2.19 2.45 3.04 3.86 5.34
10 8.5 1.88 1.99 2.15 2.31 2.54 3.08 3.81 5.09
10 13 2.04 215 229 2.44 2.67 3.18 3.86 5.02
10 20 2.22 2.32 245 2.60 2.82 3.33 3.99 5.07
1000 1 1.77 1.81 2.15 2.50 3.01 4.24 6.04 8.75
1000 1.5 1.78 1.87 2.18 2.50 2.98 4.14 5.91 9.34
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Table A.4 (cont'd)

Flux (Fz) Mass Ms) 0.1% 0.2% 0.5% 1% 2% 5% 10% 20%
1000 2.4 1.82 1.93 221 2.50 2.91 3.93 550 8.76
1000 3.6 1.87 1.99 224 250 2.87 3.77 5.11 7.86
1000 5.5 1.94 210 230 2.52 2.85 3.65 4.79 7.00
1000 8.5 2.05 2.19 2.38 2.58 2.88 3.59 4.58 6.39
1000 13 2.19 2.31 2.48 2.66 2.94 3.59 4.48 6.05
1000 20 2.34 245 261 2.78 3.04 3.65 4.47 5.85

Note. — Radii of planets, iRg. Column 1 is incident flux on the planet,

relative to the solar constant. Column 2 is the total plane$sinMg,. Oth-

erwise, column headers indicate the fraction of a planetissrin the H/He

envelope.
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Table A.5.

Low Mass Planet Radii at 10 Gyr, Solar Metallicity

Flux (F;) Mass Ms) 0.1% 0.2% 05% 1% 2% 5% 10% 20%
0.1 1 1.17 122 137 153 1.75 2.25 2.94 4.14
0.1 15 1.27 131 145 1.60 1.81 2.28 2.93 4.05
0.1 2.4 140 145 158 1.71 1.90 2.35 2.95 3.98
0.1 3.6 153 158 1.70 1.82 2.01 2.44 3.01 3.97
0.1 5.5 1.67 175 1.84 1.96 2.15 2.56 3.11 4.03
0.1 8.5 1.84 191 2.00 2.13 2.31 2.72 3.25 4.14
0.1 13 2.00 2.09 2.17 2.30 2.48 2.90 3.44 4.31
0.1 20 2.19 2.25 2.36 2.49 2.68 3.10 3.65 4.53
10 1 131 1.44 168 1.87 2.17 2.84 3.70 5.11
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Table A.5 (cont'd)

Flux (F;) Mass Ms) 0.1% 0.2% 05% 1% 2% 5% 10% 20%
10 15 140 149 1.72 1.90 2.19 2.83 3.66 5.03
10 2.4 151 1.60 1.78 1.96 2.21 2.80 3.58 4.89
10 3.6 1.62 1.73 1.87 2.03 2.27 2.81 3.53 4.75
10 5.5 1.75 1.85 1.98 2.13 2.35 2.86 3.52 4.64
10 8.5 1.90 1.98 2.11 2.25 2.47 2.95 358 4.61
10 13 2.05 2.13 2.26 2.40 2.61 3.07 3.68 4.66
10 20 2.23 2.32 243 256 2.77 3.23 3.83 4.77
1000 1 1.96 2.01 2.08 2.18 2.31 2.70 3.49 4.88
1000 1.5 1.94 199 208 2.17 2.33 2.91 3.76 5.36
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Table A.5 (cont'd)

Flux (Fz) Mass Ms) 0.1% 0.2% 0.5% 1% 2% 5% 10% 20%
1000 2.4 1.95 2.00 2.08 2.22 2.49 3.10 3.94 5.55
1000 3.6 1.98 2.03 2.12 2.30 2.58 3.20 4.03 5.54
1000 5.5 2.04 210 2.21 2.38 2.64 3.26 4.08 5.49
1000 8.5 212 219 2.31 2.48 2.73 3.31 4.10 5.44
1000 13 2.23 2.34 243 2.59 2.83 3.38 4.13 5.40
1000 20 2.36 2.47 257 2.72 2.95 3.49 4.20 5.38

Note. — Radii of planets, iRg. Column 1 is incident flux on the planet,

relative to the solar constant. Column 2 is the total plane$sinMg,. Oth-

erwise, column headers indicate the fraction of a planetissrin the H/He

envelope.
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Table A.6.

Low Mass Planet Radii at 100 Myr, Enhanced Opacity

Flux (F;) Mass Ms) 0.1% 0.2% 05% 1% 2% 5% 10% 20%
0.1 1 1.24 143 1.89 2.57 3.00 432 6.81 117
0.1 15 1.31 1.47 193 258 3.17 3.97 6.18 10.6
0.1 2.4 144 160 2.14 251 3.11 4.30 5.36 9.05
0.1 3.6 157 171 2.18 2.51 3.02 4.31 557 7.86
0.1 5.5 1.72 1.84 223 2.53 2.97 4.09 5.69 7.25
0.1 8.5 1.87 2.00 2.33 2.57 2.95 3.90 5.29 7.73
0.1 13 2.04 2.16 2.45 2.67 3.00 3.81 4.99 7.25
0.1 20 2.23 2.33 258 2.79 3.10 3.82 4.82 6.68
10 1 1.35 153 2.05 2.79 3.12 472 7.13 11.1
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Table A.6 (cont'd)

Flux (F;) Mass Ms) 0.1% 0.2% 05% 1% 2% 5% 10% 20%
10 15 141 158 2.07 2.80 3.41 4.31 6.47 10.4
10 2.4 151 1.68 2.25 2.67 3.32 450 5.67 9.14
10 3.6 1.64 177 226 2.62 3.17 455 5.71 8.11
10 5.5 1.77 1.89 2.30 2.60 3.07 4.27 5.94 7.30
10 8.5 1.92 2.04 2.37 2.63 3.01 401 550 7.98
10 13 2.08 2.19 2.48 2.70 3.04 3.88 5.12 7.50
10 20 2.25 2.35 2.61 2.82 3.13 3.87 4.90 6.81
1000 1 1.75 1.88 2.42 3.13 3.99 6.21 8.88 11.3
1000 1.5 1.77 190 2.46 3.25 3.84 6.01 9.41 14.0
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Table A.6 (cont'd)

Flux (Fz) Mass Ms) 0.1% 0.2% 0.5% 1% 2% 5% 10% 20%
1000 2.4 1.81 1.97 2.63 3.13 3.89 5.35 859 154
1000 3.6 1.87 2.02 257 3.01 3.67 5.23 7.27 13.4
1000 5.5 1.96 2.10 254 2.90 3.46 4.89 6.68 10.3
1000 8.5 2.08 221 256 2.86 3.31 4.48 6.23 8.82
1000 13 2.21 2.32 2.63 2.89 3.27 4.22 5.64 8.36
1000 20 2.36 2.47 2.73 2.95 3.30 4.12 5.28 7.38

Note. — Radii of planets, iRg. Column 1 is incident flux on the planet,

relative to the solar constant. Column 2 is the total planasinMg,. Oth-

erwise, column headers indicate the fraction of a planetissrin the H/He

envelope.
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Table A.7.

Low Mass Planet Radii at 1 Gyr, Enhanced Opacity

Flux (F;) Mass Ms) 0.1% 0.2% 05% 1% 2% 5% 10% 20%
0.1 1 1.15 1.37 1.68 1.98 2.43 3.11 4.26 6.74
0.1 15 1.26 145 1.74 1.99 2.38 3.27 3.96 6.10
0.1 2.4 1.39 160 1.82 2.05 2.38 3.22 4.23 552
0.1 3.6 152 1.71 1.90 2.10 2.42 3.15 4.25 5.62
0.1 5.5 1.67 1.85 2.02 2.19 2.47 3.16 4.13 5.84
0.1 8.5 1.84 199 2.15 2.32 2.57 3.19 4.09 5.74
0.1 13 2.01 2.15 2.30 2.46 2.70 3.28 4.11 558
0.1 20 221 2.32 246 2.62 2.86 3.42 4.17 556
10 1 1.27 150 1.84 2.20 2.72 3.63 5.07 7.45
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Table A.7 (cont'd)

Flux (F;) Mass Ms) 0.1% 0.2% 05% 1% 2% 5% 10% 20%
10 15 1.36 156 1.87 2.16 2.60 3.58 4.68 6.96
10 2.4 1.48 1.68 1.92 2.17 2.54 3.47 452 6.24
10 3.6 159 1.77 1.98 2.20 2.54 3.34 4.53 5.85
10 5.5 1.72 1.90 2.07 2.27 2.56 3.31 4.36 6.14
10 8.5 1.89 2.03 220 2.37 2.64 3.31 4.27 5.99
10 13 2.05 2.18 2.34 250 2.76 3.37 4.24 5.76
10 20 2.24 236 249 2.65 2.90 3.49 4.27 5.68
1000 1 1.77 1.85 2.20 2.60 3.09 4.24 6.04 8.75
1000 1.5 1.78 1.88 2.24 259 3.10 4.14 591 9.34
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Table A.7 (cont'd)

Flux (Fz) Mass Ms) 0.1% 0.2% 0.5% 1% 2% 5% 10% 20%
1000 2.4 1.82 1.96 2.26 2.57 3.02 4.13 550 8.76
1000 3.6 1.87 2.02 227 2.54 2.96 3.94 534 7.86
1000 5.5 1.94 211 232 254 2.90 3.80 5.05 7.13
1000 8.5 2.05 221 2.39 2.59 2.90 3.68 4.81 6.84
1000 13 2.19 2.32 2.49 2.67 2.96 3.65 4.65 6.41
1000 20 2.34 246 2.61 2.78 3.06 3.70 4.57 6.14

Note. — Radii of planets, iRg. Column 1 is incident flux on the planet,

relative to the solar constant. Column 2 is the total plane$sinMg,. Oth-

erwise, column headers indicate the fraction of a planetissrin the H/He

envelope.
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Table A.8. Low Mass Planet Radii at 10 Gyr, Enhanced Opacity

Flux (F;) Mass Ms) 0.1% 0.2% 05% 1% 2% 5% 10% 20%
0.1 1 1.17 124 137 153 1.75 2.32 2.97 4.14
0.1 15 1.27 134 146 1.61 1.82 2.33 3.04 4.05
0.1 2.4 140 1.47 157 1.71 1.92 2.40 3.07 4.13
0.1 3.6 153 159 1.70 1.83 2.01 2.49 3.12 4.23
0.1 5.5 1.67 176 1.85 1.97 2.16 2.59 3.22 4.27
0.1 8.5 1.84 1.88 2.02 2.14 2.32 2.75 3.34 4.37
0.1 13 2.00 2.10 2.18 2.30 2.50 2.93 3.50 4.51
0.1 20 2.19 2.27 2.37 2.49 2.69 3.13 3.71 4.66
10 1 1.31 139 155 1.75 2.02 2.72 3.70 5.11
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Table A.8 (cont'd)

Flux (F;) Mass Ms) 0.1% 0.2% 05% 1% 2% 5% 10% 20%
10 15 1.40 1.48 1.62 1.79 2.05 2.66 3.57 5.03
10 2.4 151 158 1.70 1.85 2.10 2.65 3.44 4.89
10 3.6 1.62 1.69 1.80 1.94 2.15 2.69 3.41 4.67
10 5.5 1.75 1.84 1.93 2.07 2.27 2.75 3.44 461
10 8.5 1.90 1.98 2.08 2.21 2.41 2.86 3.51 4.62
10 13 2.05 2.14 223 2.36 2.56 3.02 3.63 4.70
10 20 2.23 231 241 254 2.74 321 3.81 4.81
1000 1 1.96 2.01 2.08 2.16 2.29 2.60 3.49 4.88
1000 1.5 1.94 199 205 2.15 2.28 2.83 3.72 5.36
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Table A.8 (cont'd)

Flux (Fz) Mass Ms) 0.1% 0.2% 0.5% 1% 2% 5% 10% 20%
1000 2.4 1.95 1.99 2.05 2.14 2.36 3.01 3.89 5.55
1000 3.6 1.98 2.02 209 2.18 2.42 3.10 3.97 5.48
1000 5.5 2.04 2.09 2.15 231 2.54 3.14 4.01 5.47
1000 8.5 2.12 215 2.28 2.43 2.67 3.21 4.01 5.40
1000 13 2.23 2.28 2.40 255 2.79 3.33 4.05 5.35
1000 20 2.36 245 255 2.69 2.92 3.45 4.15 5.32

Note. — Radii of planets, iRg. Column 1 is incident flux on the planet,

relative to the solar constant. Column 2 is the total plane$sinMg,. Oth-

erwise, column headers indicate the fraction of a planetissrin the H/He

envelope.
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