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letters indicating each planet. Other known exoplanets in this mass and radius
range are shown by open squares. Solar system planets Earth,Venus, Uranus,
and Neptune are shown by black letters. The solid black curveis for a Earth-
like composition with 2/3 rock and 1/3 iron. All other curvesuse full thermal
evolution calculations, assuming a volatile envelope atopa earth like core. The
dashed blue curves are for 50% and 100% water by mass. The dotted orange
curves are for H/He envelopes at 8 Gyr; each one is tailored tomatch a Kepler-
11 planet and is computed at the appropriate flux and for that planet. . . . . . . 45
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2.2 Radius vs. time for four example model runs that match thepresent day mass
and radius of Kepler-11b. The blue curves show water-world models, while
the orange curves show water-poor super-Earth models. Dashed lines are with
mass loss, while solid are without. Both water-world modelsand the water-poor
super-Earth model without mass loss show very similar cooling curves. Even
with our standard efficiency of 10% the water models undergo only minor mass
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to Figure 2.3) H/He envelope can have. . . . . . . . . . . . . . . . . . . .. . 46

2.3 Mass vs. time with mass loss for three model runs that match the present day
mass along with its 1σ range for Kepler-11b. All three models assume a water-
poor super-Earth composition that is 0.3% H/He today. The curves are color-
coded by log density. The solid line corresponds to the best fit current mass from
TTV; the dashed lines correspond to the 1σ bounds. This demonstrates several
features described in the text. The initial mass is actuallylower if Kepler-11b
is more massive today due to a correspondingly more massive core. There is a
period of runaway mass loss during which the density actually declines slightly,
and the timing of this period depends strongly on the mass of the rocky core. . 47

2.4 Composition vs. mass for models of Kepler-11 with mass loss. Panel a) shows
the results for water-poor models with a H/He envelope atop arock/iron core.
Panel b) shows the results for water-rich models that also have a thick water
layer in between. Each point shows the % H/He and mass predicted by our
models at a given time. Each color indicates a particular planet as identified by
the letters and connected by dashed lines. The open squares show the present
day mass and composition as listed in table 2.1. The filled circles show the
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2.5 Bolometric flux at the top of the atmosphere, relative to the flux incident on
Earth, vs. planet density. Once again, Kepler-11 planets are shown by filled cir-
cles with letters indicating each planet. Open squares showthe other extrasolar
planets included in Figure 2.1. Colors indicate possible compositions. Planets
that could be rocky are red, those that could be water-worldsare blue, and those
that must have H/He are orange. For comparison, the gray crosses show all
other transiting planets with measured masses greater than15M⊕ and less than
100M⊕. The dashed black lines show curves of constant mass loss fordifferent
mass loss rates and ages, assuming our standard mass loss efficiency of 20%.
Finally, the shaded letters at the left indicate the densities for each Kepler-11
planet at 100 Myr predicted by our mass loss evolution modelsin Section 2.3.2. 49

2.6 Similar to Figure 2.5 except here we have multiplied the x-axis by planet mass.
Once again, Kepler-11 planets are shown by filled circles, while open squares
show the other extrasolar planets included in Figure 2.1. Colors indicate pos-
sible compositions. Low mass planets that could be rocky arered, those that
could be water-worlds are blue, and those that must have H/Heare orange. For
comparison, the gray crosses show all other transiting planets with measured
masses greater than 15M⊕ and less than 100M⊕. There is a threshold in this
diagram above which there are no observed transiting planets. Moreover, this
threshold corresponds to a critical mass-loss timescale (see eq. 2.6), as shown
by the dashed black line. We discuss this threshold in the context of XUV driven
mass loss in section 2.4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

2.7 This shows the results of∼ 1000 thermal evolution and mass loss model runs
which reproduce the mass loss threshold seen in Figure 2.6. Each panel plots
incident bolometric flux inF⊕ vs. planet density× mass for different ages
and mass loss histories. Each point is sized according to itsmass and colored
according to its composition, assuming a H/He atmosphere atop an Earth-like
core. The top left panel shows the initial distribution of the models before any
mass loss has taken place. The other two top panels show results at 100 Myr and
10 Gyr for our standard mass loss efficiency (ǫ = 0.1). Meanwhile the bottom
panels show the results at 1 Gyr for three different mass lossefficiencies ranging
from extremely inefficient (ǫ = 0.01), to extremely efficient mass loss (ǫ = 1). As
planets lose mass, the points shrink, move to the right, and become bluer. The
dashed line in panels 2-6, is the same as the black dashed linein Figure 2.6
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2.8 Separation between adjacent pairs of planets in Kepler-11, in terms of their mu-
tual Hill spheres∆. The x-axis shows the separations in terms of the current
Hill spheres, while the y-axis shows the predicted Hill spheres when the system
was 10 Myr old assuming a water-poor scenario and that the planets remained
stationary. The dashed lines show the approximate∆ > 9 stability threshold
for five planet systems from Smith and Lissauer (2009). Likewise, the dotted
lines show the∆ > 2

√
3 stability threshold for two planet systems from Glad-

man (1993). Importantly, the b-c pair drops dangerously close to the∆ > 2
√

3
critical threshold for dynamical stability in two-planet systems. This is another
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3.1 Possible mass loss histories for Kepler-36b & c. The curves plot the mass frac-
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Currently, Kepler-36c requires∼ 8% of its mass in H/He, while Kepler-36b is
consistent with an Earth-like composition. Nonetheless itis possible both plan-
ets formed with∼ 22% H/He, but subsequent mass loss has distinguished them
due to differences in their core masses. This provides a natural explanation for
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mass loss is unimportant while dark red points are models where the entire
H/He envelope has been stripped off. The mass loss history depends strongly
on a planet’s core mass as well as the incident flux. In each case, there is a
clear threshold region where mass loss is important but, at least some models
are able retain significant H/He envelopes. The top panels show the threshold
at 50 Myr, 100 Myr, and 1 Gyr for our standard mass-loss efficiency of 10%.
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3.3 The fraction of the initial H/He envelope which is lost tosubsequent photo-
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3.9 Final planet radius vs. incident flux in our parameter study. The greyscale boxes
indicate the frequency of models that end in each box due to thermal and mass
loss evolution; i.e., black boxes contain many models and white boxes few. At
high incident flux there is a strong decrease in the frequencyof ∼ 1.8 − 4.0
R⊕ sub-Neptune sized planets and an increase in the frequency of . 1.8 R⊕

rocky super-Earths. Points show the individual models, colored by their final
H/He envelope fractions as result of photo-evaporation. The leftmost column
of points at 1F⊕ closely approximates the distribution without any mass loss.
Rust colored points in the bottom right correspond to rocky planets that have
lost their envelopes. Just above these stripped cores thereis a clear decrease in
the frequency of models. Planets that enter this region haveenvelopes that are
so small they tend to be stripped off completely. . . . . . . . . . .. . . . . . . 89
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lines correspond to enhanced opacity models, while dotted lines correspond to
solar metallicity. The dashed rust-colored lines show the size of bare rocky
planets with Earth-like rock/iron abundances. Our defaultmodel is 5% H/He, 5
Gyr old, and receives∼100F⊕. In panel a) we vary the H/He envelope fraction
from 0.1-60% H/He, this has by far the largest impact on planet size. In panel
b) we vary the incident flux a planet receives from 1-1000F⊕. In panel c) we
show a time evolution from 10 Myr to 10 Gyr. . . . . . . . . . . . . . . . .. 98

4.2 Four panels showing how the radius of the H/He envelopeRenv = Rp − Rcore−
Ratm varies with planet mass, envelope mass fraction, incident flux, and planet
age for representative values. Red dotted lines correspondto solar metallicity
atmospheres, while blue dashed lines correspond to enhanced opacity. Solid
lines indicate power-law fits as described in equation (4.4). Here we use default
values of 5M⊕, 100F⊕, 5% H/He, and 5 Gyr. . . . . . . . . . . . . . . . . . 100
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4.4 Shown is an example calculation in which all models startat the same young
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vs. time is shown for various planet masses. Solid lines showenhanced opacity,
while dotted show solar metallicity. Planets start with large initial entropy, then
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in figure 4.6. Here each planet is color-coded according to its mass. The grey
shaded region shows the effect of varying the water abundance of the interior,
which lowers the amount of H/He at a given radius. Clearly there is a very tight
correlation between size and H/He envelope fraction, lending credence to our
claim that radius can be used as a proxy for planetary composition. . . . . . . . 115

4.8 Similar to figure 4.6 but with H/He envelope fraction plotted against planetary
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4.10 An updated version of the photo-evaporation thresholddiagram from Lopez
et al. (2012) and Lissaueret al. (2013). Integrated extreme UV heating re-
ceived by a planet over its lifetime vs. current planetary binding energy for
all transiting planets with well determined masses≤100 M⊕, listed in Table
A.2. Points are color-coded by their H/He envelope fractions, with rust-colored
open circles indicating rocky planets. For comparison, thedashed line is the
expected evaporation threshold from the coupled thermal evolution and photo-
evaporation models of Lopezet al.(2012). There are no planets with significant
H/He envelopes well above this threshold, indicating that the population of low-
mass transiting planets has been significantly sculpted by photo-evaporation. . 122

xii



List of Tables

2.1 Kepler-11: Current Mass and Composition . . . . . . . . . . . . .. . . . . . . 22
2.2 Kepler-11 Results from Mass Loss: Mass and Composition for Super-Earths . . 26
2.3 Kepler-11 Results from Mass Loss: Water-Worlds and Sub-Neptunes . . . . . . 30

A.1 Minimum Masses and Densities for Selected KOI Candidates . . . . . . . . . . 180
A.1 Minimum Masses and Densities for Selected KOI Candidates . . . . . . . . . . 181
A.1 Minimum Masses and Densities for Selected KOI Candidates . . . . . . . . . . 182
A.1 Minimum Masses and Densities for Selected KOI Candidates . . . . . . . . . . 183
A.1 Minimum Masses and Densities for Selected KOI Candidates . . . . . . . . . . 184
A.2 Compositions for Transiting Planets with Measured Masses . . . . . . . . . . . 185
A.2 Compositions for Transiting Planets with Measured Masses . . . . . . . . . . . 186
A.2 Compositions for Transiting Planets with Measured Masses . . . . . . . . . . . 187
A.2 Compositions for Transiting Planets with Measured Masses . . . . . . . . . . . 188
A.2 Compositions for Transiting Planets with Measured Masses . . . . . . . . . . . 189
A.2 Compositions for Transiting Planets with Measured Masses . . . . . . . . . . . 190
A.3 Low Mass Planet Radii at 100 Myr, Solar Metallicity . . . . .. . . . . . . . . 191
A.3 Low Mass Planet Radii at 100 Myr, Solar Metallicity . . . . .. . . . . . . . . 192
A.3 Low Mass Planet Radii at 100 Myr, Solar Metallicity . . . . .. . . . . . . . . 193
A.4 Low Mass Planet Radii at 1 Gyr, Solar Metallicity . . . . . . .. . . . . . . . . 194
A.4 Low Mass Planet Radii at 1 Gyr, Solar Metallicity . . . . . . .. . . . . . . . . 195
A.4 Low Mass Planet Radii at 1 Gyr, Solar Metallicity . . . . . . .. . . . . . . . . 196
A.5 Low Mass Planet Radii at 10 Gyr, Solar Metallicity . . . . . .. . . . . . . . . 197
A.5 Low Mass Planet Radii at 10 Gyr, Solar Metallicity . . . . . .. . . . . . . . . 198
A.5 Low Mass Planet Radii at 10 Gyr, Solar Metallicity . . . . . .. . . . . . . . . 199
A.6 Low Mass Planet Radii at 100 Myr, Enhanced Opacity . . . . . .. . . . . . . 200
A.6 Low Mass Planet Radii at 100 Myr, Enhanced Opacity . . . . . .. . . . . . . 201
A.6 Low Mass Planet Radii at 100 Myr, Enhanced Opacity . . . . . .. . . . . . . 202
A.7 Low Mass Planet Radii at 1 Gyr, Enhanced Opacity . . . . . . . .. . . . . . . 203
A.7 Low Mass Planet Radii at 1 Gyr, Enhanced Opacity . . . . . . . .. . . . . . . 204
A.7 Low Mass Planet Radii at 1 Gyr, Enhanced Opacity . . . . . . . .. . . . . . . 205
A.8 Low Mass Planet Radii at 10 Gyr, Enhanced Opacity . . . . . . .. . . . . . . 206

xiii



A.8 Low Mass Planet Radii at 10 Gyr, Enhanced Opacity . . . . . . .. . . . . . . 207
A.8 Low Mass Planet Radii at 10 Gyr, Enhanced Opacity . . . . . . .. . . . . . . 208

xiv



Abstract

UnderstandingKepler’s Super-Earths and Sub-Neptunes: Insights from Thermal

Evolution and Photo-Evaporation

by

Eric David Lopez

Extrasolar planet surveys have identified an abundant new population of highly irra-

diated planets with sizes that are in between that of the Earth and Neptune. Such planets are

unlike anything found in our own Solar System, and many of their basic properties are not un-

derstood. As such, these planets provide a fundamental testfor models of planets formation and

evolution with important implications for the formation ofthe Earth and planet habitability.

In order to understand these new classes of planets, we have developed planetary

structure and evolution models that can be used both to answer questions about individual plan-

etary systems and to study populations of planets as a whole.In brief, these models allow us

to follow a planet’s mass, size, internal structure, and composition as it ages; from the time it

finishes formation until it is detected billions of years later.

These evolution models are critical because a planet’s composition can change sub-

stantially over its lifetime. Close-in planets, like most of those found so far, are bombarded

by large amounts of ionizing radiation, which over time can completely strip away a planet’s

atmosphere; even turning a gas-rich Neptune sized planet into a barren rocky super-Earth.

Using these models, we explore the structure, composition,and evolution of sub-

Neptune sized extrasolar planets found by NASA’sKeplermission. We examine the relation-
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ships between planetary masses, radii, and compositions. We show how these compositions

have been sculpted by photo-evaporation, and we examine theinterplay between thermal and

evaporative evolution.
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Chapter 1

Introduction

Astronomy is currently in the midst of a revolution. For thousands of years philoso-

phers and writers have speculated about the possibility of distant worlds orbiting other stars;

and yet just twenty-five years ago, science did not know of a single planet outside of the Solar

System. Since the first few discoveries, we have now found almost 1500 confirmed extrasolar

planets (Wrightet al., 2011). Now we know that planets are ubiquitous and there maybe as

many planets as there are stars in our galaxy (Cassanet al., 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 just thelast five years, theKeplermission

discovered the first rocky extrasolar planet (Batalhaet al., 2011), the first potentially habitable

extrasolar planet (Boruckiet al., 2013), the first sub-Mercury sized planet (Barclayet al., 2013),

and the first circumbinary planet (Doyleet al., 2011). Figure 1.1, shows the radii and semi-

major axes of all confirmed planets, color-coded by the date of their discovery. This highlights

the enormous contribution made by theKeplermission; more than half of the known planets,
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and nearly all those smaller than Neptune have been found byKepler.

For the first time we have a robust determination of the relative abundance of different

sizes of planets stretching from Earth sized all the way up tothe largest gas giants. Figure 1.2

shows the number of planets per star found byKeplerorbiting Sun-like stars with periods less

than 85 days (Fressinet al., 2013), similar to Mercury’s orbital period of 88 days. We now know

that hot Jupiters, while easy to detect, are actually quite rare; only∼1% of Sun-like stars have

such planets (Fressinet al., 2013; Petiguraet al., 2013b,a). On the other hand planets smaller

than Neptune (∼4 R⊕) are commonplace, and many systems have more than one sub-Neptune

sized planet.

Specifically,Kepler has discovered an abundant new population of close-in∼3 R⊕

sub-Neptune sized planets (Fressinet al., 2013; Petiguraet al., 2013b,a). Although smaller

than Neptune, most of these planets are large enough that they must have substantial hydrogen

and helium (hereafter H/He) envelopes to explain their size(Lopez and Fortney, 2013b). Yet,

unlike Neptune and Uranus, these planets are on highly-irradiated orbits. Such planets are

completely unlike anything found in our own Solar System andfundamental questions about

their structure and formation still need to be addressed. What are these planets made of and

how did they form?

The traditional core-accretion view of planet formation isthat planets initially form

from a proto-planetary embryo by the accumulation of nearbysolid material, i.e., dust and ice

grains (e.g, Pollacket al., 1996; Ida and Lin, 2004; Mordasiniet al., 2009). These embryos then

collide with each other to build up proto-planetary cores (e.g, Chambers and Wetherill, 1998).

If these cores become massive enough, they can then accrete hydrogen and helium envelopes
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Figure 1.1 Planetary radius vs. semi-major axis. Points arecolor-coded by the discovery year.

Symbols indicate the discovery technique: closed circles for planets found byKepler, open cir-

cles for other transiting surveys, open squares for radial velocity, crosses for microlensing, and

asterisks for pulsar timing. Letters correspond to Venus, Earth, Mars, and Jupiter. For planets

without measured radii, we use the power-law fit to Earth and Saturn Mp = R2.06
p from (Lis-

saueret al., 2011b). This shows the large population of increasingly Earth-like planets found

by Kepler.
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Figure 1.2 Number of planets per star found byKeplerorbiting with periods less than 85 days

versus planet radius, corrected for selection effects and false positives from Fressinet al.(2013).
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directly from the circumstellar disk. However, if the coresare relatively low mass or if they take

more than a few million years to form, then the gaseous disk will dissipate before the planets

can accrete an envelope. In the inner part of the disk, proto-planets will be dominated by rock

and iron as in the Earth, since rocky silicates and refractory metals like nickel and iron are the

only condensable species for normal abundances at temperatures&300 K. Meanwhile, ice and

gas giants like those in the outer Solar System are believed to form beyond their star’s water-

ice snowlines, where the increased density of solid material greatly enhances the speed of core

driven formation (e.g. Pollacket al., 1996; Ida and Lin, 2004; Mordasiniet al., 2009).

What are the sub-Neptunes then? Is most of their mass in water, methane, and am-

monia ices as seems to be the case for Uranus and Neptune? Or are they instead rocky planets

with a small fraction of their mass in H/He envelopes? In short, are the sub-Neptunes scaled up

versions of the Earth or scaled down versions of Neptune?

These are two fundamentally different paradigms of planet formation. If the sub-

Neptunes closely resemble the Solar System ice giants, thenthey need to have formed on wide

orbits beyond their stars’ snowlines (Rogerset al., 2011). Today, however, we find these planets

on highly irradiated orbits within the orbit of Mercury. If the sub-Neptunes are water-rich then

they must have undergone dramatic migration by planet-planet scattering (e.g., Rasio and Ford,

1996; Lin and Ida, 1997) or type I migration (e.g., Tanakaet al., 2002; Ida and Lin, 2010;

Mordasini et al., 2009). Formation beyond the snowline followed by large inward migration

is a common explanation for the formation of the massive short-period hot-Jupiters (e.g., Lin

et al., 1996; Alibertet al., 2004). On the other hand if the sub-Neptunes are water-poorthen it

is possible that they formed at or close to their current orbits (e.g., Hansen and Murray, 2011;

5



Chiang and Laughlin, 2013). In this case their low densitieswould be explained by having a

few percent of their mass in a H/He envelope, either outgassed from the rocky mantle (Elkins-

Tanton and Seager, 2008) or accreted directly from the proto-planetary disk (e.g., Ikoma and

Hori, 2012; Mordasiniet al., 2011).

Likewise,Keplerhas also found a similarly abundant population of likely rocky super-

Earths<1.5R⊕. Such planets are small enough that they are unlikely to havesignificant H/He

envelopes and are consistent with Earth-like abundances ofrock and iron (Lopez and Fortney,

2013b). Are these Earth and super-Earth sized planets a natural continuation of the volatile-rich

sub-Neptunes, perhaps the evaporated remnants or failed cores of sub-Neptunes, or a completely

separate population that formed under different circumstances?

This thesis focuses on understanding the nature and origin of these new populations of

extrasolar planets. We have developed coupled thermal evolution and photo-evaporation models

that can be used to answer questions both for individual planetary systems and for the population

of planets as a whole. In brief, these models are designed to follow a planet’s mass, radius,

internal structure, and composition over its lifetime. We focus particular attention on aspects

of planet evolution which enable us to answer the above questions about the composition and

formation of low-mass planets. We highlight particular systems like Kepler-11 and Kepler-36

that are useful case studies to understand planet evolutionand we identify key diagnostic trends

among the broader planet population.

Transiting planet surveys, like Kepler, primarily measurea planet’s radius. Convert-

ing a measured radius into an estimate of a planet’s composition requires careful modeling of

planetary interiors, structures, and evolution. Some planets may be rocky, while others may
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have large amounts of H/He or water in deep convective envelopes. Moreover, planets with

volatile envelopes will form with large amounts of heat fromformation leading to large initial

radii, which then contract as the planets age and cool (e.g.,Fortneyet al., 2007; Marleyet al.,

2007).

In order to better understand the nature of low-mass low-density planets, in Lopez

et al. (2012) we developed the first coupled thermal and photo-evaporative evolution model

designed for this new class of planets. Using these models, we studied the detailed evolution

of many of Kepler’s multi-planet systems (e.g., Lopezet al., 2012; Lopez and Fortney, 2013a;

Barclay et al., 2013; Gillilandet al., 2013) and predicted planet radii as a function of mass,

composition, irradiation, and age (Lopez and Fortney, 2013b). In particular, we found that a

planet’s size depends strongly on the fraction of its mass inan H/He envelope.

A planet’s composition, however, is not necessarily constant throughout its lifetime.

Close-in planets, like most of those found by Kepler, are bombarded by large amounts of ion-

izing radiation in the extreme UV and soft X-rays (jointly referred to as XUV hereafter) (Ribas

et al., 2005; Sanz-Forcadaet al., 2011). This partially ionizes hydrogen high up in a planet’s

outer atmosphere, heating gas up to∼10,000 K and creating a collisional planetary wind that

can strip away mass (e.g., Sekiyaet al., 1980; Yelle, 2004; Murray-Clayet al., 2009). This

photo-evaporative wind has been directly observed in Lymanα for a handful of transiting hot

Jupiters (e.g., Vidal-Madjaret al., 2004; Lecavelier des Etangset al., 2004). Likewise, photo-

evaporation is believed to have stripped up to a terrestrialocean of water from the atmosphere

of early Venus (e.g., Watsonet al., 1981; Kasting and Pollack, 1983). Over billions of years,

photo-evaporation can even transform large H/He-rich Neptune sized planets into barren rocky
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super-Earths (e.g., Lopezet al., 2012; Lopez and Fortney, 2013a; Owen and Wu, 2013).

Most of this evaporation takes place when planets are young.Young stars rotate more

rapidly, leading to stronger magnetic activity and more coronal emission. As a result, when the

Sun was only 100 Myr old it was over 100x more luminous in the XUV than it is today (Ribas

et al., 2005; Sanz-Forcadaet al., 2011). Additionally, planets with H/He envelopes are much

more vulnerable to photo-evaporation at early ages due to their large initial radii. Combined,

these effects mean that almost all of a planet’s photo-evaporative mass loss takes place in its first

few 100 Myrs (Lopezet al., 2012). BecauseKepler studies a relatively old stellar population

in the thick disk of the Milky Way, the composition (and therefore radius) distribution seen

by Kepler today was sculpted by photo-evaporation that took place billions of years ago. By

examining trends in the present-day population found byKepler we can uncover evidence of

this ancient evaporation.

Chapters 2, 3, and 4 make up the core of this thesis. The material presented there

corresponds to Lopezet al.(2012), Lopez and Fortney (2013a), and Lopez and Fortney (2013b),

respectively. The chapters are arranged chronologically so that the time evolution of the field

and our work can be seen.

In Chapter 2 we discuss the development of our models for tracking the coupled

thermal and photo-evaporative evolution of low-mass planets. We show that there is strong ob-

servational evidence that photo-evaporation impacted thedistribution of highly irradiated sub-

Neptunes and super-Earths found by Kepler. For the observedpopulation of transiting planets

with well-determined masses, we showed that there is a critical photo-evaporation timescale,

beyond which there are no observed planets with H/He envelopes. Moreover, we found that
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this observed threshold was well reproduced by our coupled thermal and photo-evaporative

evolution models using standard photo-evaporation efficiencies (Lopezet al., 2012).

We then apply these planet evolution models to a particularly interesting multi-planet

system Kepler-11. With six transiting planets including five low-density Neptunes and sub-

Neptunes orbiting a single star, this system presents a unique test case for our models of photo-

evaporative evolution. We examine different possible compositions for the five inner planets

in the system. We show that the present day masses and radii inKepler-11 can naturally be

explained by photo-evaporation if it is a system of water-rich planets that underwent significant

migration.

In Chapter 3 we extend our analysis to further examine the relationship and feedbacks

between thermal evolution and photo-evaporation. We show that the evaporative history of a

planet depends on the evaporative efficiency, it’s level of irradiation, and most important of all,

the mass of it’s rock-iron core. We show that differences in evaporation histories can naturally

explain the large density contrasts found in some multi-planet systems, in particular Kepler-

36, a two-planet system in which the mean planetary densities differ by almost an order of

magnitude despite very similar orbits.

Moving beyond the photo-evaporation threshold discussed in Chapter 2, we examine

the implications of our models for the joint radius-incident flux distribution of planets found

by Kepler. We show that the frequency of volatile-rich Neptune and sub-Neptune sized planets

should increase significantly towards less irradiated orbits, while at short orbital periods.10

days there should be a large population of completely evaporated rocky cores. Moreover, in

between the populations of sub-Neptunes and stripped cores, we identify a possible “evapora-
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tion valley,” in which planets may be quite rare. We discuss how the detection and depth of this

valley may be used to constrain the water abundance of close-in low-mass planets, and therefore

their formation and migration histories.

In Chapter 4, we examine the thermal evolution of our models in greater detail. We

examine how our model planet radii depend on a planet’s mass,composition, age, and level of

irradiation. Most importantly, we show that at fixed H/He envelope fraction, radii show little

dependence on mass for planets with more than∼1% of their mass in their envelope. Conse-

quently, planetary radius is to first order a proxy for planetary composition, i.e., H/He envelope

fraction, for Neptune and sub-Neptune sized planets. We recast the observed mass-radius rela-

tionship as a mass-compositionrelationship and discuss it in light of traditional core accretion

theory. We then discuss these results in light of the observed radius occurrence distribution

found byKepler.

Finally, in Chapter 5 we discuss other applications of our planetary evolution models

in which I have been a co-author, both to individual systems like Kepler-37 (Barclayet al.,

2013) and Kepler-68 (Gillilandet al., 2013) and in statistical studies of the population of planets

(Wolgang & Lopez, in prep). We examine ways to further develop these models. We then finish

by examining the future direction of exoplanet studies, including the potential impact of new

transit surveys likeK2 andTESSand new instruments like those on board JWST. We discuss

how these upcoming missions may help us final resolve the debate on the origin and composition

of Kepler’ssub-Neptunes and super-Earths and the place of our models inthat broader 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 extrasolar planets has pushed towards

ever smaller and more Earth-like worlds. We now know of dozens of Neptune mass planets and

have even found the first definitively rocky extrasolar planets (Batalhaet al., 2011; Légeret al.,

2009). In between, transit searches have begun finding a population of low-mass low-density

“super-Earths”. Beginning with the discovery of GJ1214b (Charbonneauet al., 2009), these

planets represent a new class of exoplanets that do not have any analog in our Solar System.
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Basic questions about their composition, structure, and formation are still unknown. Are these,

in fact, scaled up versions of the Earth that simply have thick hydrogen/helium envelopes atop

of rock/iron cores? Or are they instead scaled down versionsof Neptune that are rich in water

and other volatile ices?

The distinction between water-poor super-Earths or water-rich sub-Neptunes has fun-

damental implications for how these planets formed. So far these low-mass low-density (here-

after LMLD) planets have only been found well inside the snow-line. If these planets only

contain rock, iron, and hydrogen/helium, then it is possible they formed close to their current

orbits (Hansen and Murray, 2011). However, if a significant fraction of their mass is in water,

then they must have formed beyond the snow-line and migratedin to their current locations

(Alibert et al., 2011; Ida and Lin, 2010; Rogerset al., 2011).

The Kepler-11 system (Lissaueret al., 2011a) is an extremely powerful tool for ex-

ploring the features of LMLD planets. With six transiting planets orbiting a close solar analog,

it is the richest extrasolar system currently known. Moreover, five of the planets have masses

from Transit Timing Variations (TTVs), and all five of these fall into the low-mass low-density

regime in between Earth and Neptune. These five planets are all interior to Mercury’s orbit, with

periods from 10 to 47 days. This provides a unique laboratoryto test the possible composition,

formation, and evolution of LMLD planets and how these vary as a function of both period and

planet mass.

Transiting planets with measured masses, like those in Kepler-11, are particularly

valuable because we can determine their mean density. All the planets in Kepler-11 have den-

sities too low for pure rock, and therefore must have some sort of thick envelope of volatiles.
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Likewise, all the planets except Kepler-11b are less dense than pure water and so must have at

least some hydrogen/helium.

Unfortunately, mass and radius alone cannot uniquely determine a planet’s composi-

tion. In general, there is a large degeneracy between the relative amounts of rock, iron, water,

and hydrogen/helium (Rogers and Seager, 2010a). This problem is particularly acute for planets

with radii ≈ 2−4R⊕, since in this range any of these four constituents can be important. Indeed

these sorts of degeneracies have long been a focus of studiesof Uranus and Neptune (Hubbard

et al., 1991; Fortneyet al., 2011a).

One possible solution to the composition problem is to obtain multi-wavelength trans-

mission spectra, as has been done for GJ1214b (Beanet al., 2011; Désertet al., 2011; Croll

et al., 2011). Since hydrogen-rich atmospheres have much larger scale heights at a given tem-

perature, near infrared water and methane absorption features will be much more prominent for

planets with hydrogen/helium envelopes (Miller-Ricciet al., 2009; Miller-Ricci and Fortney,

2010). Unfortunately, these observations are extremely time intensive and even then the possi-

ble presence of clouds can make their interpretation difficult. Even worse, nearly all the systems

found byKeplerare too faint for these observations with current telescopes.

An alternative is to develop models of the formation and evolution of low-mass plan-

ets to try and predict what compositions can form and how those compositions change as a

planet evolves. In particular, hydrodynamic mass loss fromextreme ultra-violet (XUV) heating

can remove large amounts of hydrogen/helium from highly irradiated LMLD planets. Models

of XUV driven mass loss were first developed to study water loss from early Venus (Hunten,

1982; Kasting and Pollack, 1983), and hydrogen loss from theearly Earth (Sekiyaet al., 1980;
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Watsonet al., 1981). These kinds of models have since been developed to study mass loss

from hot Jupiters (e.g., Lammeret al., 2003; Yelle, 2004; Murray-Clayet al., 2009; Ehrenreich

and Désert, 2011; Owen and Jackson, 2012), where there is strong evidence that atmospheric

escape is an important physical process (Vidal-Madjaret al., 2004; Davis and Wheatley, 2009;

Lecavelier Des Etangset al., 2010; Lecavelier des Etangset al., 2012).

In Sections 2.2.3, 2.3.3, and 2.5.1 we show that energy-limited hydrodynamic mass

loss models, coupled with models of thermal evolution and contraction, can distinguish between

water-poor super-Earth and water-rich sub-Neptune scenarios in Kepler-11. Moreover, these

models make powerful predictions for the density distribution of the entire population of LMLD

transiting planets. In particular, observations show thatthere is a threshold in the bulk density -

incident flux distribution above which there are no LMLD planets. In Section 2.4 we examine

this threshold and show how it can by reproduced using our thermal evolution models coupled

with standard hydrodynamic mass loss prescriptions. Finally, in Section 2.4.2 we explore how

this threshold can be used to obtain important constraints on planets without measured densities:

We constrain the maximum radii of non-transiting radial velocity planets, and the minimum

masses ofKeplercandidates.

2.2 Our Model

2.2.1 Planet Structure

We have built on previous work in Fortneyet al. (2007) and Nettelmannet al. (2011)

to develop models of the thermal evolution of LMLD planets. To simplify what is undoubtedly a
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complex interior structure for real planets, we construct model planets with well-defined layers.

Low-mass planets are likely to have a significant fraction oftheir mass in iron and silicate

rocks. For simplicity, we assume that these materials are contained in an isothermal rocky core

with Earth-like proportions of 2/3 silicate rock and 1/3 iron. For the rock, we use the ANEOS

(Thompson, 1990) olivine equation of state (EOS); while forthe iron, we use the SESAME

2140 Fe EOS (Lyon and Johnson, 1992).

On top of this rock/iron core we then attach an interior adiabat. The composition of

this adiabat depends on the planet model being considered. For this work, we consider three

classes of LMLD planets: rocky super-Earths with H/He envelopes, water-worlds that have pure

water envelopes, and sub-Neptunes with a water layer in between the core and the upper H/He

layer. For the water-rich sub-Neptune models we assume thatthis intermediate water-layer has

the same mass as the rock/iron core. We choose this value because it is comparable to the

water to rock ratio needed to fit Kepler-11b as a water-world.This allows us to explore the

proposition that all five Kepler-11 planets started out withsimilar compositions, but that mass

loss has subsequently distinguished them. For hydrogen/helium we use the Saumonet al.(1995)

EOS. Meanwhile for water we use the ab-initio H2O-REOS EOS developed by Nettelmann

et al. (2008) and Frenchet al. (2009), which was recently confirmed up to 7 Mbar in laboratory

experiments (Knudsonet al., 2012).

In the Kepler-11 system, our models predict that water will be in the vapor, molecular

fluid, and the ionic fluid phases. The interiors are too hot forhigh pressure ice phases. Finally,

we model the radiative upper atmosphere by assuming that theplanet becomes isothermal at

pressures where the adiabat is cooler than the planet’s equilibrium temperature, assuming 20%
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Bond albedo and uniform re-radiation. We then calculate theradius at 10 mbar which we take

to be the transiting radius.

We connect the different layers of our models models by requiring that pressure and

temperature be continuous across boundaries. We then solvefor the interior structure assuming

hydrostatic equilibrium. A given model is defined by its mass, composition (i.e., the relative

proportions in H/He, water, and the rock/iron core) and the entropy of its interior H/He adiabat.

By tracking changes in composition and entropy we can then connect 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, it isimportant to fully model

how a planet cools and contracts due to thermal evolution. Models that only compute an instan-

taneous structure (Rogers and Seager, 2010b) by necessity must vary the intrinsic luminosity

of the planet over several orders of magnitude, which can introduce large uncertainties in the

current composition. Obtaining precise constraints from thermal evolution is essential when

considering mass loss, since mass loss histories are highlysensitive to uncertainties in the cur-

rent composition. Moreover, since mass loss depends strongly on planetary radius (to the third

power), the mass loss and thermal histories are inextricably linked.

Modeling this contraction requires a detailed understanding of a planet’s energy bud-

get. By tracking the net luminosity of a planet, we know how the specific entropyS, (i.e., the

entropy per unit mass) of the interior adiabat changes with time. For a given mass and com-

position, this adiabat then defines the planet’s structure and so we can track the planet’s total
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radius as the model cools and contracts with time. Equation (2.1) shows the energy budget for

our models and how this relates to the change in entropydS/dt.

∫ Mp

Mcore

dm
TdS
dt

= −Lint + Lradio− cvMcore
dTcore

dt
(2.1)

The left hand side shows the rate of change of the thermal energy of the interior

adiabat. Positive terms on the right hand side represent energy sources that heat and inflate a

planet, while negative terms represent energy losses that allow a planet to cool and contract. The

term Lint = Leff − Leq describes the intrinsic luminosity due to radiation from the planet, where

Leq is the planet’s luminosity due only to absorbed stellar radiation.

TheLradio term describes heating due to radioactive decay. The important long-lived

isotopes are235U, 40K, 238U, and232Th. These have half lives of 0.704, 1.27, 4.47, and 14.1

Gyr, respectively. We assume meteoritic abundances given by Anders and Grevesse (1989). We

do not consider the early decay of26Al, since we only consider models that are at least 10 Myr

after planet formation. TheLradio term has only a minor effect on our models since it is typically

an order of magnitude smaller than the other terms in equation (2.1).

Lastly, there is thedTcore/dt term, which represents the delay in cooling due to the

thermal inertia of the rocky core. As the interior adiabat cools, the core isotherm must also cool,

asTcore equals the temperature at the bottom of the adiabat. When thecore makes up a large

fraction of the planet’s mass, this can significantly slow down the planet’s rate of contraction.

We assume a core heat capacity ofcv = 0.5−1.0 JK−1 g−1 (Alfè et al., 2002; Guillotet al., 1995;

Valenciaet al., 2010) as in Nettelmannet al. (2011). This range covers values appropriate for
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both the cores of the Earth and Jupiter. For our three layer sub-Neptune models we still use the

mass in rock and iron forMcore, since the water layer is generally too hot for ice phases andso

it is assumed to be fully convective.

For a given interior structure, we determine the intrinsic flux from the interior, at

given S of the adiabat, via interpolation in a grid of model atmospheres. The values ofTint

(a parametrization of the interior flux),Teq, andTeff are tabulated on a grid of surface gravity,

interior specific entropy, and incident flux for 50× solar metallicity H/He atmospheres (similar

to Neptune). This corresponds to a metal mass fraction ofZ ≈ 0.35 and a mean molecular

weight ofµ≈ 3.5 gmol−1. The grid is the same as that described in Nettelmannet al.(2011) for

LMLD planet GJ 1214b, where a more detailed description can be found. Here we do expand

on that grid to now include a range of incident fluxes, as was done for giant planets in Fortney

et al. (2007).

In choosing the initial entropy for our evolution model, we assume a “hot start” for

model; i.e., we start the models out with a large initial entropy. We then allow the models to

cool and contract until either 10 Myr or 100 Myr which is when we begin the coupled thermal

and mass loss evolution. This is a common but important assumption. However, in general

our thermal evolution models are insensitive to the initialentropy choice by∼ 100 Myr as in

Marley et al. (2007). As a result, we present results at both 10 and 100 Myr.Moreover, to

gain confidence in our 10 Myr models we examined the effect of starting those models with

a lower initial entropy. Specifically, we ran models in whichwe started the 10 Myr with the

entropies found at 100 Myr. This allowed us to separate the effect of the stellar XUV evolution,

from any “hot start” vs. “cold start” uncertainties. Futureprogress in modeling the formation
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of water-rich sub-Neptune planets (e.g., Rogerset al., 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 irradiated by extreme ultraviolet

(EUV) and x-ray photons. These photons photoionize atomic hydrogen high in a planet’s at-

mosphere, which in turn produces significant heating (Hunten, 1982). If this heating is large

enough, it can generate a hydrodynamic wind that is capable of removing significant mass,

potentially including heavier elements as well (Kasting and Pollack, 1983). We couple this

XUV driven mass loss to our thermal evolution models following the approach of Jacksonet al.

(2010) and Valenciaet al. (2010), which explored possible mass loss histories for CoRoT-7b

(Légeret al., 2009; Quelozet al., 2009). Similar approaches have also been used to study the

coupled evolution of hot Jupiters (e.g., Baraffeet al., 2004, 2005; Hubbardet al., 2007b,a) and

hot Neptunes (Baraffeet al., 2006).

A common approach to estimate the mass loss rate is to assume that some fixed frac-

tion of the XUV energy incident on a planet is converted into heat that does work on the at-

mosphere to remove mass. This is known as the energy-limitedapproximation (Watsonet al.,

1981) and allows a relatively simple analytic description of mass loss rates.

Ṁe−lim ≈ ǫπFXUVR3
XUV

GMpKtide
(2.2)

Ktide = (1−
3
2ξ

+
1

2ξ3 ) (2.3)

19



ξ =
RHill

RXUV
(2.4)

Equation (2.2) describes our estimate of the mass loss rate based on the formulation

from (Erkaevet al., 2007).FXUV is the total flux between 1−1200 angstroms, which is given by

Ribaset al. (2005) for Sun-like stars. For stars older than 100 Myr, Ribas found that at 1 AU,

FXUV = 29.7τ−1.23 ergs−1 cm−2, whereτ is the age of the star in Gyr. Using this power law, we

scale the XUV flux to the appropriate age and semi-major axis for each planet in our models.

Although Ribas only targeted Sun-like stars, Sanz-Forcadaet al. (2010) found similar results

for a wide range of stellar types from M3 to F7. Hereafter, we will simply refer to the entire

1− 1200 angstroms ; spectrum as XUV.

RXUV is the planetary radius at which the atmosphere becomes optically thick to XUV

photons, which Murray-Clayet al. (2009) find occurs at pressures around a nanobar, in the hot

Jupiter context. For our work, we assume that the atmosphereis isothermal between the optical

and XUV photospheres. This neglects heating from photo-disassociation, which should occur

around aµbar (Miller-Ricci Kemptonet al., 2012a). However, this effect should be relatively

small and if anything will lead to slight underestimate of the mass loss rate. We vary pressure

of the XUV photosphere from 0.1 nbar to 10 nbar to include the uncertainty in the structure of

the XUV photosphere. For H/He atmospheres on LMLD planets, the nbar radius is typically

10-20% larger than the optical photosphere.Ktide is a correction factor that accounts for the fact

that mass only needs to reach the Hill radius to escape (Erkaev et al., 2007). For planets like

Kepler-11b today this correction factor increases the massloss rate by∼ 10%, however at early

times it can increase the rate by as much as a factor of 2.
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Finally, ǫ is an efficiency factor that parametrizes the fraction of theincident XUV

flux that is converted into usable work. This efficiency is setby radiative cooling, especially via

Lymanα, and can depend on the level of incident flux (Murray-Clayet al., 2009). Kepler-11 is a

8±2 Gyr old Sun-like star. Using the power law from Ribas et al.,this implies that current XUV

flux at Kepler-11f is≈ 37ergs−1 cm−2. Similarly, when Kepler-11 was 100 Myr old, the flux at

Kepler-11b was≈ 6×104ergs−1 cm−2. Murray-Clayet al.(2009) found that at XUV fluxes over

105 ergs−1 cm−2, relevant for many hot Jupiters, mass loss becomes radiation/recombination-

limited and highly inefficient. However, at the lower XUV fluxes relevant for the Kepler-11

system mass loss is roughly linear withFXUV and has efficiencies∼ 0.1− 0.3. For this work,

we assume a default efficiency ofǫ = 0.1±0.1
0.05, although we do examine the effects of lower

efficiencies. While we predominantly investigate the loss of H/He envelopes, in some limited

cases for Kepler-11b, we also assume this holds for steam envelope loss.

One important implication from equation (2.2) is that mass loss rates are much higher

when planets are young. This is for two reasons. First, at young ages planetary radii are con-

siderably larger due to residual heat from formation. Secondly, at ages less than 100 MyrFXUV

was≈ 500 times higher than it is currently (Ribaset al., 2005). As a result, most of the mass

loss happens in a planet’s first Gyr. Thus although a planet’senvelope may be stable today, its

composition may have changed significantly since formation. Likewise, a considerable amount

of mass will be lost between the end of planet formation at∼ 10 Myr (Calvetet al., 2002) and

100 Myr. Following the x-ray observations of Jacksonet al. (2012), we assume that at ages

younger than 100 Myr the stellar XUV flux saturates and is constant at the 100 Myr value.

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

Planet Current Mass (M⊕) % H/He % Water % H/He 3-layer

Kepler-11b 4.3±2.2
2.0 0.3±1.1

0.25% 40±41
29% n/a

Kepler-11c 13.5±4.8
6.1 4.6±2.7

2.3 % n/a 0.3±1.0
0.1 %

Kepler-11d 6.1±3.1
1.7 8.2±2.7

2.4 % n/a 1.3±0.9
0.8 %

Kepler-11e 8.4±2.5
1.9 17.2±4.1

4.2 % n/a 5.5±2.3
3.0 %

Kepler-11f 2.3±2.2
1.2 4.1±1.8

1.5 % n/a 0.4±0.6
0.2 %

Note. — Present day masses and compositions for Kepler-11 for three classes of

models. The third (fourth) columns list the current H/He fractions predicted by our

thermal evolution models assuming two layer H/He (water) onrock/iron model.

The final column lists the predicted fraction of H/He for three layer "sub-Neptune”

models with equal mass in the rock and water layer. This scenario is not 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 whether this saturation age is uniform

across the entire XUV spectrum. Nonetheless, our constraints on the formation of Kepler-11 in

sections 2.3.2 and 2.5.1 come from the lower limits we are able to place on the initial compo-

sitions. Assuming that the EUV (100-1200 angstroms) saturates along with the x-rays (1-100

angstroms) is conservative assumption in terms of the amount of mass that is lost.

In general, models of LMLD planets that assume H/He envelopes today will predict

much larger mass loss histories than models that assume steam envelopes. Partly, this is because

of the lower mean molecular weight of hydrogen. Mostly, however, it is because when we

integrate the compositions back in time from the present, the addition of a small amount of

H/He has much larger impact on a planet’s past radius than a small amount of water. A larger

radius in the past in turn means a higher mass loss rate; and sothe integrated 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 history of a planetary system

is to identify the possible current compositions for each ofthe planets in the absence of any

mass loss. This then gives us estimates for the current masses of each planet’s core, which we

then use as the starting point for all of our calculations with mass loss.

Figure 2.1 shows the Kepler-11 planets in a mass-radius diagram along with curves

for different possible compositions. For all planets, we color-code by the incident bolometric
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flux they receive. The Kepler-11 planets are shown by filled circles with identifying letters next

to each one. The other known transiting exoplanets in this mass and radius range are shown

by the open squares. In order of increasing radius, these areKepler-10b (Batalhaet al., 2011),

Kepler-36b (Carteret al., 2012), CoRoT-7b (Légeret al., 2009; Quelozet al., 2009; Hatzes

et al., 2011), Kepler-20b (Fressinet al., 2012; Gautieret al., 2012), Kepler-18b (Cochranet al.,

2011), 55 Cancri e (Winnet al., 2011; Demoryet al., 2011), GJ 1214b (Charbonneauet al.,

2009), Kepler-36c (Carteret al., 2012), Kepler-30b (Fabryckyet al., 2012; Sanchis-Ojedaet al.,

2012), and GJ 3470b (Bonfilset al., 2012). Lastly, the open triangles show the four planets in

our own solar system that fall in this range: Venus, Earth, Uranus, and Neptune.

The curves show various possible compositions. The solid black curve shows a stan-

dard Earth-like composition with 2/3 rock and 1/3 iron as described in Section 2.2.1. The

other curves show compositions with thick water or H/He envelopes atop an Earth-like core.

These curves include thermal evolution without mass loss to8 Gyr, the age of Kepler-11. The

blue dashed curves show the results for 50% and 100% water-worlds computed atTeq = 700 K,

approximately the average temperature of the five inaner planets. Likewise, the dotted orange

curves show the results for H/He envelopes; however, here each curve is tailored to match a spe-

cific Kepler-11 planet and is computed at the flux of that planet. These fits are listed in greater

detail in table 2.1. Here we list the mass of each planet takenfrom Lissaueret al. (2011a); the

H/He fractions needed to match each planet’s current radiusfor a water-poor super-Earth model;

the water fraction needed to match Kepler-11b as a water-world; and the H/He fractions needed

to fit Kepler-11c, d, e, and f as sub-Neptunes with an intermediate water layer, as described in

Section 2.2.1. As described in section 2.3.2, we varied the planetary albedo, the heat capacity
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of the rocky core, and the observed mass, radius, current age, and incident flux.

Figure 2.1 and table 2.1 clearly show the degeneracy betweenvarious compositions

that we are attempting to untangle. There are now four planets including Kepler-11b that can

easily be fit either as water-worlds or as water-rich sub-Neptunes with< 2% of their mass in

H/He. However, it is worth looking closer at Kepler-11b in particular. It is the only planet in

the system which does not require any hydrogen or helium to match its current radius, although

it must have some sort of volatile envelope. Moreover, it is also the most irradiated and it is

fairly low gravity. As a result, adding a small amount of hydrogen to its current composition

has a large impact on the bulk density, which in turn makes theplanet more vulnerable to mass

loss, as seen in Eq. (2.2). A clearer picture for this planet emerges when including XUV driven

mass-loss and relatively strong constraints from formation models discussed in Section 2.5.1.

Thus, if there is hope of using mass loss to constrain the composition 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 compositions,we will begin consid-

ering the effects of mass loss. We will compute mass loss histories that when evolved to the

present day, match the current mass and composition. This then tells us what the mass would

have to be in the past to result in the current mass and composition. As discussed in Section

2.2.3, there is uncertainty in stellar XUV fluxes ages younger than 100 Myr; as a result, we will

present results both at 10 Myr and 100 Myr after planet formation.

First we will consider water-poor super-Earth models for each planet, which have
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Table 2.2. Kepler-11 Results from Mass Loss: Mass and Composition for Super-Earths

Planet Mass 108 yr (M⊕) % H/He 108 yr Mass 107 yr (M⊕) % H/He 107 yr

Kepler-11b 34.6±6.5
28.2 87.6±6.6

85.4 % 44.8±9.7
10.1 90.4±5.1

8.2 %

Kepler-11c 13.7±4.7
5.8 6.0±5.0

3.2 % 14.2±4.3
3.1 9.1±28

7.3 %

Kepler-11d 6.7±2.8
0.6 16.5±22

8.5 % 7.8±12.8
0.8 28±56

17%

Kepler-11e 8.8±2.3
1.6 21.2±6.0

3.2 % 9.7±2.5
1.9 28.1±10.5

7.7 %

Kepler-11f 3.1±5.2
0.2 29±58

24% 3.4±6.6
0.4 35±57

25%

Note. — Masses and H/He fractions predicted by coupled mass loss and thermal evolution

models at 100 and 10 Myr, assuming all five planets are water-poor super-Earths. The large

error bars on some compositions are due mostly to uncertainties in the current masses from

TTV. The 10 Myr values are subject to some model uncertainties as discussed in sections 2.2.2

and 2.2.3. Kepler-11b is extremely vulnerable to H/He mass loss and would have to start off

implausibly massive to retain a small H/He envelope today. Kepler-11c, d, e, and f are all

consistent with have formed with∼30% H/He.
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H/He envelopes atop Earth-like rocky cores. As discussed inSection 2.2.3, H/He envelopes are

particularly susceptible to mass loss. As an example, Figure 2.2 shows four possible cooling

histories for Kepler-11b. The solid lines show thermal evolution without any mass loss while

the dashed lines include mass loss. The orange curves are forwater-poor super-Earth models,

while the blue curves show water-world models. The red crossshows the current radius and

age of Kepler-11b. These curves illustrate the impacts of both thermal evolution and mass loss

on the radius of a low-mass planet. The water-world models require that 40% of the current

mass must be in water to match the current radius. Assuming our standard efficiencyǫ = 0.1,

implies an initial composition of 43% water at 10 Myr. This illustrates the relative stability of

water envelopes. On the other hand, the dashed orange curve shows the vulnerability of H/He

layers. Here we have assumed a efficiency 5× lower ǫ = 0.02 and yet more mass is lost than

in the water-world scenario. Even at this low efficiency, Kepler-11b would have to initially be

11% H/He and 4.8M⊕ to retain the 0.3% needed to match the current radius. This also shows

the large increase in radius that can result from even a relatively modest increase in the H/He

mass.

Table 2.2 summarizes the results for Kepler-11 b-f for the water-poor super-Earth

scenario. We list the masses predicted by our models when theplanets were 10 and 100 Myr

old. In addition, we list the fraction of the planets’ massesin the H/He envelope at each age.

These results are further illustrated in Figure 2.4a. Here we have plotted the mass and H/He

fraction for each planet at 10 Myr, 100 Myr, and today. Each color corresponds to a particular

planet with the squares indicating the current masses and compositions, the circles the results

at 100 Myr, and the triangles the results at 10 Myr. In order tocalculate the uncertainty on
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these results, we varied the mass loss efficiencyǫ from 5-20% and varied the XUV photosphere

from 0.1-10 nbar. Likewise, we varied the planetary Bond albedo from 0-0.80 and varied the

heat capacity of the rocky core from 0.5-1.0 Jg−1 K−1. Also, as discussed in section 2.2.2, we

varied the initial entropy for the 10 Myr models, to account for undertainties in “hot-start” vs.

“cold-start”. Finally, we factored in the observed uncertainties in mass, radius, and incident

flux.

Clearly, Kepler-11b is vulnerable to extreme mass loss if ithas a H/He envelope atop

a rock/iron core. Although less than 1% H/He today, if it is a water-poor super-Earth it could

have been have over∼ 90% H/He in the past. At 10 Myr, its mass would have been 45± 10

M⊕, an order of magnitude higher than the current value. Kepler-11b is able to undergo such

extreme mass loss because its high XUV flux and the low mass of its rocky core put it in a

regime where it is possible to enter a type of runaway mass loss. This happens when the mass

loss timescale is significantly shorter then the cooling timescale. After the planet initially loses

mass it has an interior adiabat and rocky core that are significantly hotter than would otherwise

be expected for a planet of its mass and age. This is because the interior still remembers when

the planet was more massive and has not had sufficient time to cool. As a result, the planet will

stay inflated for some time and the density stays roughly constant and can actually decrease. A

similar effect was seen by Baraffeet al. (2004) when they studied coupled thermal evolution

and mass loss models for core-less hot Jupiters. We find that this process generally shuts off

once the composition drops below∼20% H/He. At that point the presence of the core forces

the total radius to shrink even if the planet is unable to coolefficiently. Figure 2.3 shows this

process as Kepler-11b loses mass for three different valuesof its current mass and therefore its
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core mass. The curves correspond to the best fit mass from transit-timing as well as the 1σ error

bars. This shows that the timing of this runaway loss event depends strongly on the mass of the

rock/iron core.

Super-Earth models of Kepler-11b are unusual in that they are subject to tremendous

mass loss and yet they retain a small amount of H/He today. Typically models that start out

∼ 90% H/He either experience runaway mass loss and lose their H/He envelopes completely, or

they never enter the runaway regime and remain over 50% H/He.The uncertainty in the initial

composition of Kepler-11b is due to uncertainty in its TTV mass. At a given current mass, the

range of Kepler-11b models that will retain an envelope thatis < 1% H/He is extremely narrow.

In this sense, the current composition of Kepler-11b requires a rare set of initial conditions if it

is a water-poor super-Earth.

Counter-intuitively, if Kepler-11b is more massive today then its implied mass in the

past is actually lower. This is because a higher mass today would imply a more massive core,

which would increase the planet’s density and decrease its mass loss rate. As a result, a more

massive model for Kepler-11b today is less vulnerable to mass loss and so less H/He is needed

in the past in order to retain 0.3% today. At 100 Myr, there is avery large uncertainty in the

composition due to the uncertainty in the core mass. However, even if we assume the 1σ error

bar 6.5M⊕, Kepler-11b would still be at least 37M⊕ and at least 83% H/He at 10 Myr. In

section 2.5.1, we will compare this to models of in situ formation and show that such a scenario

is unlikely.

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

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

Planet Mass 108 yr (M⊕) % H/He 108 yr Mass 107 yr (M⊕) % H/He 107 yr

Kepler-11b 4.4±2.2
2.0 41±39

28% 4.5±2.1
1.8 43±38

29%

Kepler-11c 13.7±4.8
4.6 1.8±18

1.4 % 15.2±25
1.2 12±70

10%

Kepler-11d 6.8±2.8
1.2 11.6±17

8.7 % 7.6±7.6
0.9 21±49

10%

Kepler-11e 9.1±2.1
2.0 12.8±4.6

6.7 % 9.7±2.6
2.0 18±12

10%

Kepler-11f 2.9±3.8
0.5 21±62

17% 4.0±4.9
1.5 43±44

36%

Note. — Masses and volatile fractions predicted by coupled mass loss and thermal evolution

models at 100 and 10 Myr, assuming Kepler-11c, d, e, and f are water-rich sub-Neptunes and

Kepler-11b is a water-world. Thus the compositions listed for Kepler-11b are water fractions,

while those for Kepler-11c-f are H/He fractions. Kepler-11c-f are all consistent with having

formed as water-rich sub-Neptunes with 20-30% H/He. Kepler-11b is not vulnerable to mass

loss if it has a water envelope; however, it could have easilyalso 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 core; the high gravity means additional

H/He has a more modest effect of the planet’s radius and therefore on the mass loss rate. In

fact, along with the incident XUV flux the mass of the rocky core is the single largest factor that

determines whether a given planet will be vulnerable to massloss. As a result, the dominant

sources of uncertainty in our mass loss models are the uncertainties in the masses from TTV.

These dominate over all the theoretical uncertainties in the thermal evolution and mass loss

models. The uncertainty in planet mass from transit timing is particular large for Kepler-11c.

If its mass is close to the 1σ low value, then it is possible Kepler-11c has undergone more

substantial mass loss similar to Kepler-11d-f. Fortunately, as more quarters of data are processed

the mass estimates from TTV will become more precise (Agolet al., 2005; Holman and Murray,

2005). Finally, Kepler-11d, e, and f are modestly vulnerable to mass 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 entire system formed beyond the

snow line. We assume that Kepler-11c-f are water-rich sub-Neptunes as described in Section

2.2.1, while Kepler-11b is currently a water-world. Otherwise the thermal mass loss histories

are calculated in the same manner as the water-poor super-Earth scenario. For Kepler-11c-f

we calculate the planet mass H/He fraction at 10 and 100 Myr, assuming that only H/He is

lost. For Kepler-11b, we examine the vulnerability of both H/He and steam envelopes atop

water-rich interiors. The results are summarized in Table 2.3 which list the water fraction for a
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water-world model of Kepler-11b and the H/He fraction for water-rich sub-Neptune models of

Kepler-11c-f. Likewise, the results for c-f are shown in Figure 2.4b.

In general, the three layer models are slightly more vulnerable to mass loss than the

water-poor super-Earth models presented in section 2.3.2.Mostly this is because models with

a water layer have hotter interiors that cool more slowly. For example, for Kepler-11c without

mass loss the models presented in Table 2.1, at 8 Gyr the final entropy in the H/He layer is

6.6 kb/baryon for the water-rich sub-Neptune model versus 5.8 forthe water-poor super-Earth

model. The second reason is that counter-intuitively the water-rich sub-Neptune models are

slightly more vulnerable to mass loss precisely because they have less of the planet’s mass in

H/He today. For a planet that has less H/He today, adding a small amount of H/He at the margin

has a larger impact on the planet’s radius and therefore on the mass loss rate.

For Kepler-11c-f the results are broadly similar to those for the water-poor super-

Earth scenario. Kepler-11c is again the least vulnerable tomass loss; while Kepler-11d is again

the most vulnerable of the four planets that we model as water-rich sub-Neptunes. However,

all four of these planets are consistent with having been∼ 10− 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 was never important for it.

Between 10 Myr and the present, it only drops from 43% to 40% water. Moreover, if Kepler-

11b was initially a water-rich sub-Neptune similar to the other planets in the system, it could

have easily stripped its H/He outer envelope. If we start Kepler-11b at 100 Myr as a water-rich

sub-Neptune similar to the other planets with 30% H/He atop 4.3 M⊕ of rock and water, then

assumingǫ = 0.1 the entire H/He envelope will be stripped by 300 Myr. We can set upper limits
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on the initial mass and H/He fraction of 70M⊕ and 94% if Kepler-11b was originally a water-

rich sub-Neptune. These are however strictly upper limits,a H/He layer could have been lost at

any time between formation and now. Therefore, all five planets are consistent with a scenario

is which they formed as water-rich sub-Neptunes with∼ 10% 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 is essential to explore how mass

loss impacts the larger population of LMLD transiting planets. Figure 2.5 shows the bolometric

flux these planets receive at the top of their atmospheres vs.their bulk densities. As in Figure

2.1, filled circles show the Kepler-11 planets with the letters indicating each planet. The open

squares show the other transiting exoplanets that are less than 15 Earth masses. For reference,

we have also plotted all other transiting planets between 15and 100M⊕ as gray crosses (Wright

et al., 2011). The colors indicate possible compositions. All planets with a best-fit mass and

radius that lies below a pure rock curve are colored red. These include Kepler-10b, Kepler-36b,

CoRoT-7b, and just barely Kepler-20b. Planets that are lessdense than pure rock but more dense

than pure water, indicating that the could potentially be water-worlds, are colored blue. These

include Kepler-11b, Kepler-18b, and 55 Cancri e. Meanwhilethose planets that must have a

H/He envelope to match their radius are colored orange. These include Kepler-11c, d, e, and f,

Kepler-30b, Kepler-36c, GJ 1214b, and GJ 3470b.

The dashed black lines show curves of constant mass loss rateaccording to equation
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(2.2), assumingǫ = 0.1 andKtide = 1. These curves are linear in this plot since the instantaneous

mass loss rate goes as the flux over the density. Although Figure 2.5 plots the bolometric flux

today, we can relate this to an XUV flux at a given time using theRibaset al. (2005) power

law for sun-like stars described in Section 2.2.3. The curves show the flux today required to

lose mass at 1M⊕Gyr−1 when the planets were 1 Gyr old and 100 Myr old, along with another

curve showing 0.1M⊕Gyr−1 at 100 Myr. Since most of the mass loss happens in the first few

hundred Myrs, the bottom two curves can roughly be considered as the respective thresholds

for mass loss being important and being unimportant for LMLDplanets.

One possible explanation of this mass loss threshold is thatit is caused by XUV

driven mass loss from H/He envelopes on low-mass planets. LMLD planets that form above

the 100 Myr 1M⊕Gyr−1 curve lose mass, increase in density and move to the right until they

lie below this threshold. The planets that are left above this line are mostly rocky or at the

very least probably do not have H/He envelopes. Planets moremassive than∼ 15 M⊕ are not

affected since they have a larger reservoir of mass and the loss of a few earth masses of volatiles

isn’t sufficient to significantly change their bulk density.To illustrate this, we have plotted our

predictions for the bulk densities of each of the Kepler-11 planets at 100 Myr, including the

effects of both mass loss and thermal evolution. These are indicated by the shadowed letters at

the left of Figure 2.5.

The situation becomes even clearer if we instead we plot flux against mass times

density as in Figure 2.6. The timescale for XUV mass loss goeslike ρMp/FXUV , so lines in this

diagram are constant mass loss timescales. Now the threshold is much clearer and applies to all

planets up to all planets with H/He envelopes. This also removes any effects from the somewhat
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arbitrary 15M⊕ cut.The sparsity of planets at low flux and high density is almost certainly a

selection effect, since these are likely to be planets with long periods and small radii. However,

the interesting result is that there is appears to be a critical mass loss timescale above which

we do not find any planets with H/He envelopes. In particular,all five of the inner Kepler-11

planets lie nicely along this threshold. Moreover, of the three planets that lie above the critical

mass loss timescale, two are likely rocky.

tloss=
Mp

Ṁ
=

GM2
p

πǫR3
pFXUV ,E100

F⊕
Fp

(2.5)

The dashed black line in Figure 2.6 shows our best fit for this critical mass loss

timescale. Equation 2.5 defines this mass loss timescale. Here ǫ = 0.1 is the mass loss effi-

ciency,FXUV ,E100= 504 ergs−1 cm−2 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 a best fit with tloss,crit ≈ 12 Gyr.

However, while equation 2.5 accounts for the higher XUV fluxes at earlier times, it does not

include the effects of larger radii at formation. The will reducetloss by at least another order of

magnitude.

A similar mass loss threshold was proposed by Lecavelier DesEtangs (2007). Un-

fortunately, at that time there were relatively few transiting planets and no known transiting

super-Earths. As a result, the authors we mostly limited to hot Jupiters from radial velocity

surveys and were forced to use a scaling law to estimate radii. Here we are able to confirm the

existence of a mass loss threshold and extend it all the way down to∼ 2 M⊕.

This mass loss threshold could also help explain features inoccurrence rate of planets
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found byKepler. Howardet al. (2012) found that the frequency of 2-4R⊕ Keplerplanet candi-

dates dropped off exponentially for periods less than 7 days. This 7 day cutoff corresponds to

an incident bolometric flux of 200F⊕. There are five planets with measured densities in figure

2.5 that lie above 200F⊕. Of these five, three planets are consistent with being rockyand two

with being water-worlds; none of the five requires a H/He atmosphere to match its observed

mass and radius. If all low mass planets orbiting within 7 days lose their H/He atmospheres,

then their radii will shrink from 2-4R⊕ to <2 R⊕. This could naturally explain the drop off in

2-4 R⊕ candidates at short periods.

2.4.1 Reproducing the Mass Loss Threshold

In order to fully examine whether the mass loss threshold in Figure 2.5 can be ex-

plained by atmospheric mass loss, we performed a small parameter study with∼800 mass loss

models across a wide range of initial masses, compositions,and incident fluxes. For each model

we ran thermal evolution and mass loss starting at 10 Myr around a Sun-like star. We ran models

with initial masses of 2, 4, 8, 16, 32, and 64M⊕. We assumed water-poor super-Earth composi-

tions, meaning H/He envelopes on top Earth-like cores, withinitial compositions of 1, 2, 5, 10,

20, and 40% H/He. Finally we varied the incident bolometric flux from 10 to 1000F⊕, in order

to cover the range of observed planets in Figures 2.5 and 2.6.We then recorded the resulting

masses, densities, and compositions at various ages.

The results are shown in Figure 2.7. As in Figure 2.6, each panel plots the total

incident flux at the top of the atmosphere vs. the planet mass times density assuming different

mass loss histories for our full suite of models. The size of each point indicates the mass of
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the planet, while the color indicates the fraction of its mass in the H/He envelope. The top left

panel shows the initial distribution at 10 Myr before we start any mass loss. The other two top

panels show the results at 100 Myr and 10 Gyr for our standard mass loss efficiencyǫ = 0.1.

Meanwhile, the bottom panels show the results at 1 Gyr for a range of different efficiencies.

These range from highly inefficient mass lossǫ = 0.01, to our standard efficiencyǫ = 0.1, and

finally extremely efficient mass lossǫ = 1. In each panel, as planets cool and lose mass the points

move to the right, shrink, and become bluer (less H/He). For reference, we have re-plotted our

critical mass loss timescale from Figure 2.6 in each of the result panels.

As we can see, models with mass loss do in general result in a threshold roughly

corresponding to a critical mass loss timescale. Moreover,the mass loss threshold observed in

Figure 2.5 is well reproduced by mass loss models withǫ≈ 0.1. This is similar to the efficiencies

found by detailed models of mass loss from hot Jupiters in theenergy-limited regime (Murray-

Clay et al., 2009). This suggests that our assumption of comparable mass loss efficiencies for

LMLD planets is reasonable. It is also apparent that the threshold already in place by 100

Myr, and subsequent evolution has a relatively minor effect. We also examined the effect of

beginning our parameter study at 100 rather than 10 Myr; however, this did not significantly

affect the location of the threshold.

Previous mass loss evolution models (e.g., Hubbardet al., 2007b,a; Jacksonet al.,

2012; Owen and Jackson, 2012) have also predicted mass loss thresholds. However, our models

are the first to fully include the effects of coupled mass lossand thermal evolution for LMLD

planets. We are able confirm and explain the observed threshold seen in Figure 2.6 in a region

of parameter space where most of theKeplerplanets are being found.
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2.4.2 Constraints On Mass and Radius for the General Population

If we use the critical mass loss timescale curve from Figure 2.6 as a approximation for

the observed mass loss threshold, then we can write down a simple expression for the threshold.

This is shown in equation (2.6), which is valid for planets around Sun-like stars withFp < 500

F⊕. The 500F⊕ cut excludes highly irradiated rocky planets like Kepler-10b and CoRoT-7b.

These planets may have once had volatiles in the past, but they are likely rocky today and so

H/He mass loss is no longer relevant. This cut also excludes the region where energy-limited

escape breaks down and mass loss becomes radiation and recombination limited (Murray-Clay

et al., 2009)

ρMp ≥
3ǫFXUV ,E100

4G

Fp

F⊕
tloss,crit (2.6)

The exciting implication of equation (2.6) is that we can useit to obtain lower limits

on mass for the much larger population ofKeplersuper-Earths and sub-Neptunes for which we

do not have measured densities. This will help identify promising targets for follow-up work

with radial velocity observations. This is shown in equation (2.7).

Mp ≥
√

πǫFXUV ,E100

G

Fp

F⊕
tloss,crit R

3/2
p (2.7)

Table A.1 applies equation (2.7) to a list ofKeplercandidates smaller than 4R⊕ that

are well suited to radial-velocity follow-up. We excluded any planets withFp > 500F⊕, since

equation (2.7) is not valid in that regime. Also, we limited the sample to only those planets with
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minimum radial velocity semi-amplitudesKmin > 1.0ms−1 around stars with Kepler magnitude

brighter than 13, since these will be the most promising for RV follow-up. In the end, this

leaves us with a list of 38 likely detectable targets, eight of which (KOIs 104.01, 107.01, 123.01,

246.01, 262.02, 288.01, 984.01, and 1241.02) haveKmin > 2.0ms−1.

Finally, we can also use the mass loss threshold to find an upper limit on the radii of

non-transiting planets from radial velocity surveys withFp < 500F⊕. This is done in equation

(2.8).

Rp ≤ (
G

πǫFXUV ,E100tloss,crit

F⊕
Fp

)1/3M2/3
p (2.8)

2.5 Discussion

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

By itself, the constraints from mass loss do not tell us whether Kepler-11 is a system of

water-poor super-Earths or water-rich sub-Neptunes. Instead we need to compare our estimates

of the initial compositions to models of planet formation. By doing so we can examine whether

our estimates of the original compositions for a water-poorsuper-Earth scenario are consistent

with the maximum H/He fraction that can be accreted during insitu formation.

Ikoma and Hori (2012) examine the accretion of H/He atmospheres onto the rocky

cores of hot water-poor super-Earths. In particular, they examine the in situ formation of the

Kepler-11 system. In addition to a planet’s core mass and temperature, the amount of H/He

accreted will depend strongly on the lifetime and dust grainopacity of the accretion disk. As
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with thermal evolution, the need to cool the rocky core can slow the contraction of the accreting

atmosphere and limit the final H/He fraction. They are able toset hard upper limits on the initial

compositions for in situ formation by assuming a grain-free, long-lived (∼ 1 Myr in the inner

0.2 AU) accretion disk and ignoring the delay in accretion due to cooling the cores.

In particular, Ikoma and Hori (2012) find that Kepler-11b could not have accreted

more than 10% of its mass in H/He if it formed in situ. Moreover, using a more typical disk

lifetime of 105 yr (Gorti et al., 2009) and including the effect of cooling the core implies that

Kepler-11b was< 1% H/He at formation. On the other hand, in Table 2.2 we showedthat

thermal evolution and mass loss models predict that if Kepler-11b is a water-poor super-Earth

then it was 87±7
85 % H/He and at least 82% H/He at 10 Myr. Combined with the results of

Ikoma and Hori (2012), this disfavors in situ formation of Kepler-11b. This result appears

robust to any uncertainties in thermal evolution or mass loss models. Even if we only look

after the period of run-away mass loss, at 3 Gyr Kepler-11b was still 10% H/He, the maximum

allowed by Ikoma and Hori (2012). Likewise, we find that Kepler-11f was at least 10% H/He at

10 Myr, even though the Ikoma and Hori (2012) models predict that it cannot have accreted its

current composition of 4% H/He if it formed in situ. Furthermore, the co-planar, tightly packed,

circular orbits in the system strongly suggest that it couldhave undergone type 1 migration (Ida

and Lin, 2010). As a result, we disfavor in situ formation of the system.

If the Kepler-11 system did not form at its current location,then one possibility is

that it formed at or beyond the snow-line and then Type 1 migrated to it is current location

(Rogerset al., 2011). If this is the case, then it is likely a system of water-rich sub-Neptunes

and water-worlds as discussed in Section 2.3.3. As we showedin Section 2.3.3, Kepler-11b is
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very stable to mass-loss if it is a water-world. If it was initially a water-rich sub-Neptune, it

could have easily lost its H/He layer in the first few 100 Myr. Likewise, Kepler-11c-f are all

consistent having formed as water-rich sub-Neptunes with∼ 20% of their mass in H/He.

The other possibility is that Kepler-11 is a system of water-poor super-Earths that has

nonetheless undergone significant migration. For a grain-free accretion disk that lasts 106 yr at

550 K, the critical mass for run-away accretion drops to 5M⊕ (Ikoma and Hori, 2012). This

implies that Kepler-11b could possibly have formed as a water-poor super-Earth at or beyond

the current orbit of 11f. Nonetheless, this assumes a completely grain-free long-lived disk,

which may not be realistic. Furthermore, this scenario still requires that Kepler-11b was∼90%

H/He when it formed, while all the other planets in the systemare consistent with more modest

initial compositions. As a result, we favor the water-rich sub-Neptune scenario.

2.5.2 Kepler 11: Mass Loss and Orbital Stability

One possible result of significant mass loss is that it could impact the orbital stability

of closely packed multi-planet systems like Kepler-11. Although this system is stable in its

current configuration, it might not be with the initial masses determined by our models. One

relatively simple stability check is to calculate the separation between pairs of planets in terms

of their mutual Hill spheres. Figure 2.8 plots the separation in mutual Hill spheres (∆) between

adjacent pairs of planets at both 10 Myr and the present, assuming a water-poor super-Earth

composition.

Smith and Lissauer (2009) found that systems with five or moreplanets tended to

de-stabilize when∆ < 9. This threshold is shown as dashed gray lines in figure 2.8. Although
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Kepler-11b-c currently lies well below this threshold, Lissaueret al. (2011a) showed that the

system is nevertheless stable today because planets b and c are dynamically decoupled from the

other four planets and so act more like a two planet system. For two planet systems the absolute

minimum stable separation is∆ = 2
√

3 = 3.46 (Gladman, 1993). This second stability threshold

is shown by the dotted lines in figure 2.8. The Hill radius goesasM1/3
p , as a result the change

in ∆ from mass loss is relatively modest; nonetheless, the stability of 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 whichmay help stabilize the system. More

importantly, the separation of planets b-c at 10 Myr skirts dangerously close,∆ = 3.8±0.5
0.4, to

the critical∆ > 2
√

3 stability threshold. More detailed modeling needs to be done to assess the

impact of mass loss on orbital stability; nonetheless, the∆ > 2
√

3 stability threshold provides

another strong reason to be skeptical of a water-poor super-Earth scenario for Kepler-11b.

The major caveat to this stability analysis is that we assumethat all of the orbits are

stationary even as the planets lose mass. This is motivated by Adams (2011), which showed that

in the presence of a modest planetary magnetic field XUV driven mass loss from hot Jupiters

tends to come out along the magnetic poles. Assuming that themagnetic field is sufficiently

strong, dipolar, and perpendicular to the plane of the orbit, then mass loss won’t have any impact

on the orbit. In general however, the directionality of massloss will be an extremely compli-

cated problem determined by the interaction of the ionized hydrodynamic wind, the planetary

magnetic field, and the stellar wind. Bouéet al. (2012) showed that if the mass loss is directed

in the plane of the orbit, then it can have a significant impacton both semi-major axis and

eccentricity.
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2.6 Chapter Conclusions

In order to better understand the structure, history, and formation of low-mass planets,

we constructed coupled thermal evolution and mass loss models of water-poor super-Earths,

water-worlds, and water-rich sub-Neptunes. The Kepler-11system represents a new class of

low-mass low-density planets that offers a unique test-bedfor such models and gives us power-

ful insights on planet formation and evolution. Applying this understanding more broadly, we

find a relation between a planet’s mass, density, and its incident flux that matches the observed

population. Moreover, this threshold can help constrain the properties of hundreds of planets.

Our primary conclusions are:

• XUV-driven hydrogen mass loss coupled with planetary thermal evolution is a powerful

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

• A coupled model is essential for this work, due to the much larger planetary radii in the

past, when XUV fluxes were significantly higher.

• In situ formation of the Kepler-11 system is disfavored, instead 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 likely formed with∼ 90% H/He beyond

0.25 AU. We believe this is unlikely and instead show that Kepler-11 b-f all could have

originated as water-rich sub-Neptunes with∼ 20% H/He initially. If this is the case,

Kepler-11b could have lost its H/He envelope and become a water-world today for a wide

range of initial masses and compositions.
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• There is a sharp observed threshold in incident flux vs. planet density times mass above

which we do not find planets with H/He envelopes. To date, low-density planets have not

been found above this threshold.

• This mass loss threshold is well reproduced by our coupled thermal evolution and mass

loss models.

• This threshold can be used to provide limits on planet mass orradius for the large popu-

lation of low-mass low-density planets without measured densities.

• In particular, we have identified promisingKepler targets for RV follow-up.
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Figure 2.1 Radius vs. mass for transiting exoplanets with measured masses, along with curves

for different compositions. Planets are color-coded by theincident bolometric flux they receive.

Kepler-11 planets are shown by filled circles with letters indicating each planet. Other known

exoplanets in this mass and radius range are shown by open squares. Solar system planets Earth,

Venus, Uranus, and Neptune are shown by black letters. The solid black curve is for a Earth-like

composition with 2/3 rock and 1/3 iron. All other curves use full thermal evolution calculations,

assuming a volatile envelope atop a earth like core. The dashed blue curves are for 50% and

100% water by mass. The dotted orange curves are for H/He envelopes at 8 Gyr; each one is

tailored to match a Kepler-11 planet and is computed at the appropriate flux and for that planet.
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Figure 2.2 Radius vs. time for four example model runs that match the present day mass and

radius of Kepler-11b. The blue curves show water-world models, while the orange curves show

water-poor super-Earth models. Dashed lines are with mass loss, while solid are without. Both

water-world models and the water-poor super-Earth model without mass loss show very similar

cooling curves. Even with our standard efficiency of 10% the water models undergo only minor

mass loss. Meanwhile, even with an efficiency 4× smaller the H/He model undergoes substan-

tial mass loss. This model is initially 14% H/He and 5.0M⊕. We have marked the masses for

the H/He with mass loss model at 10 Myr, 100 Myr, and 1 Gyr. Thisalso shows the large impact

on radius that even a modest (compared to Figure 2.3) H/He envelope can have.

46



Figure 2.3 Mass vs. time with mass loss for three model runs that match the present day mass

along with its 1σ range for Kepler-11b. All three models assume a water-poor super-Earth

composition that is 0.3% H/He today. The curves are color-coded by log density. The solid

line corresponds to the best fit current mass from TTV; the dashed lines correspond to the 1σ

bounds. This demonstrates several features described in the text. The initial mass is actually

lower if Kepler-11b is more massive today due to a correspondingly more massive core. There

is a period of runaway mass loss during which the density actually declines slightly, and the

timing of this period depends strongly on the mass of the rocky core.
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Figure 2.4 Composition vs. mass for models of Kepler-11 withmass loss. Panel a) shows the

results for water-poor models with a H/He envelope atop a rock/iron core. Panel b) shows the

results for water-rich models that also have a thick water layer in between. Each point shows

the % H/He and mass predicted by our models at a given time. Each color indicates a particular

planet as identified by the letters and connected by dashed lines. The open squares show the

present day mass and composition as listed in table 2.1. The filled circles show the results at 100

Myr and the open triangles show the results at 10 Myr as listedin tables 2.2 and 2.3. Kepler-11b

is extremely vulnerable to H/He mass loss, and would have been up to∼ 90% H/He if it formed

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

sub-Neptunes with comparable amounts of rock and water and∼20% of their mass in H/He.
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Figure 2.5 Bolometric flux at the top of the atmosphere, relative to the flux incident on Earth, vs.

planet density. Once again, Kepler-11 planets are shown by filled circles with letters indicating

each planet. Open squares show the other extrasolar planetsincluded in Figure 2.1. Colors

indicate possible compositions. Planets that could be rocky are red, those that could be water-

worlds are blue, and those that must have H/He are orange. Forcomparison, the gray crosses

show all other transiting planets with measured masses greater than 15M⊕ and less than 100

M⊕. The dashed black lines show curves of constant mass loss fordifferent mass loss rates and

ages, assuming our standard mass loss efficiency of 20%. Finally, the shaded letters at the left

indicate the densities for each Kepler-11 planet at 100 Myr predicted 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 multiplied the x-axis by planet mass.

Once again, Kepler-11 planets are shown by filled circles, while open squares show the other

extrasolar planets included in Figure 2.1. Colors indicatepossible compositions. Low mass

planets that could be rocky are red, those that could be water-worlds are blue, and those that

must have H/He are orange. For comparison, the gray crosses show all other transiting planets

with measured masses greater than 15M⊕ and less than 100M⊕. There is a threshold in

this diagram above which there are no observed transiting planets. Moreover, this threshold

corresponds to a critical mass-loss timescale (see eq. 2.6), as shown by the dashed black line.

We discuss this threshold in the context of XUV driven mass loss in section 2.4.
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Figure 2.7 This shows the results of∼ 1000 thermal evolution and mass loss model runs which

reproduce the mass loss threshold seen in Figure 2.6. Each panel plots incident bolometric flux

in F⊕ vs. planet density× mass for different ages and mass loss histories. Each point is sized

according to its mass and colored according to its composition, assuming a H/He atmosphere

atop an Earth-like core. The top left panel shows the initialdistribution of the models before

any mass loss has taken place. The other two top panels show results at 100 Myr and 10 Gyr

for our standard mass loss efficiency (ǫ = 0.1). Meanwhile the bottom panels show the results

at 1 Gyr for three different mass loss efficiencies ranging from extremely inefficient (ǫ = 0.01),

to extremely efficient mass loss (ǫ = 1). As planets lose mass, the points shrink, move to the

right, and become bluer. The dashed line in panels 2-6, is thesame as the black dashed line

in Figure 2.6 corresponding to critical mass loss timescale. The threshold in Figure 2.5 is well

reproduced by models withǫ = 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 planets in Kepler-11, in terms of their mutual

Hill spheres∆. The x-axis shows the separations in terms of the current Hill spheres, while

the y-axis shows the predicted Hill spheres when the system was 10 Myr old assuming a water-

poor scenario and that the planets remained stationary. Thedashed lines show the approximate

∆ > 9 stability threshold for five planet systems from Smith and Lissauer (2009). Likewise,

the dotted lines show the∆ > 2
√

3 stability threshold for two planet systems from Gladman

(1993). Importantly, the b-c pair drops dangerously close to the∆ > 2
√

3 critical threshold

for dynamical stability in two-planet systems. This is another reason we disfavor a water-poor

super-Earth scenario for Kepler-11b.

52



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 (Carteret al., 2012) is a fascinating case-study for theories of

planet formation and evolution. It contains a closely spaced pair of super-Earth mass planets

with periods of 13.8 and 16.2 days orbiting a slightly evolved 6.8±1.0 Gyr old G1 sub-giant

that is 2.9 times more luminous than the Sun. Although too faint for reliable radial velocity

measurements, the system exhibits strong Transit Timing Variations (TTVs), which allowed the

planet densities to be determined to better than 10% precision (Carteret al., 2012). Surprisingly,

despite their extremely similar orbits, the planets have densities that differ by almost an order of

magnitude. The inner planet Kepler-36b has a mass of 4.5±0.3 M⊕ and a density of 7.2±0.7
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gcm−3, fully consistent with an Earth-like composition. Meanwhile the outer planet Kepler-36c

has a mass of 8.1±0.6
0.5 M⊕ but a density of only 0.87±0.05 gcm−3, meaning that it must have a

substantial H/He envelope (Carteret al., 2012).

This poses an interesting problem for theories of planet formation and evolution: how

is it that two planets in the same system with very similar highly irradiated orbits arrived at

such radically different densities today? One possibilityis that the planets simply formed in

very different environments. Models of core accretion showthat it is much easier to accrete

a substantial H/He envelope when the local disk temperatureis lower (Ikoma and Hori, 2012).

Perhaps Kepler-36b formed at or close to its current orbit while Kepler-36c formed substantially

further out and migrated inwards (Ida and Lin, 2010).

However, another possibility is that the planets did form insimilar environments, but

that subsequent evolution has caused them to diverge. In particular, photo-evaporation due to

extreme ultra-violet (XUV) heating can remove large amounts of hydrogen/helium from highly

irradiated planets through hydrodynamic mass loss. Modelsof XUV-driven mass loss were first

developed to study water loss from early Venus (Hunten, 1982; Kasting and Pollack, 1983), and

hydrogen loss from the early Earth (Sekiyaet al., 1980; Watsonet al., 1981). These kinds of

models were further developed to study mass loss from hot Jupiters (e.g., Lammeret al., 2003;

Yelle, 2004; Murray-Clayet al., 2009), where there is clear evidence that atmospheric escape

is an important physical process. This includes both trendsin the population of hot Jupiters

(Lecavelier Des Etangs, 2007; Hubbardet al., 2007b,a; Davis and Wheatley, 2009; Ehrenreich

and Désert, 2011) and direct detections of atmospheric escape (Vidal-Madjaret al., 2003, 2004;

Linsky et al., 2010; Lecavelier Des Etangset al., 2010; Lecavelier des Etangset al., 2012;
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Haswell et al., 2012; Ehrenreichet al., 2012). More recently, mass loss models have been

used to study the new populations of super-Earths and sub-Neptunes being found by transiting

surveys like CoRoT andKepler (Jacksonet al., 2012; Owen and Jackson, 2012; Lopezet al.,

2012; Wu and Lithwick, 2013; Owen and Wu, 2013).

Recently, in Lopezet al. (2012) we showed that exoplanet compositions are subject

to a photo-evaporation threshold. Observationally there are no planets with low bulk density

and high incident flux, implying that low-mass planets with substantial H/He envelopes do not

exist in this area of parameter space. Following LecavelierDes Etangs (2007) who studied hot

Jupiters, Lopezet al. (2012) were able to show that this threshold can naturally beexplained as

a critical mass loss timescale. Detailed models in Lopezet al. (2012), which include coupled

thermal and mass loss evolution, reproduced this thresholdwith standard mass loss efficiencies.

We further showed that many of the super-Earths and Neptunesfound by theKepler mission

including those in Kepler-11(Lissaueret al., 2011a) and Kepler-36 lie along this threshold,

indicating that these planets may have undergone substantial mass loss in the past. Here we

show that photo-evaporation can be controlled by the mass ofa planet’s rock/iron core and that

this provides a natural explanation for the divergent densities of Kepler-36 b&c. This process

allows both planets to form with similar compositions and insimilar environments before being

sculpted by their different mass loss histories.

In addition to detailed studies of individual systems like Kepler-36, there is a growing

body of literature examining the overall distribution ofKeplerplanet candidates. Detailed stud-

ies of planet occurrence rates by Petiguraet al. (2013b) and Fressinet al. (2013) have recently

shown that is a sharp drop off in the frequency of planets above&2.8R⊕, at least within 50 and
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85 days respectively. In contrast, planets with radii.2.8R⊕ seem to be equally common. Like-

wise, Howardet al. (2012) and Youdin (2011) showed that there is a drop off in thefrequency

of candidates at extremely short periods.10 days; moreover, this drop off is particularly acute

for sub-Neptune sized planets. In multi-planet systems, Ciardi et al. (2013) showed that there

is a tendency for outer planets to be larger than inner planets in the same system, particularly

when those planets are smaller than Neptune and on orbits.20 days.

Models have shown that photo-evaporation and thermal evolution can significantly

alter the H/He inventories of super-Earth and sub-Neptune sized planets (Baraffeet al., 2006;

Lopezet al., 2012; Owen and Wu, 2013). Moreover, planet structure models have shown that

changing the mass of a planet’s H/He envelope has a large impact on its resulting radius (Rogers

and Seager, 2010b; Lopezet al., 2012). As a result, models of thermal and mass loss evolu-

tion can shed light on many of the observed trends in the radius distribution ofKepler planet

candidates.

3.2 Our Model

For this work, we have used the coupled thermal evolution andmass loss model pre-

sented in Lopezet al. (2012), where additional model details can be found. Similar models

have been used to track the coupled evolution of rocky super-Earths (e.g, Jacksonet al., 2010;

Valenciaet al., 2010; Nettelmannet al., 2011), hot Neptunes (e.g, Baraffeet al., 2006), and hot

Jupiters (e.g, Baraffeet al., 2004, 2005; Hubbardet al., 2007b,a). Beginning shortly after the

end of planet formation, we track planetary mass and radius as a function of age. The use of
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coupled model is essential, because planetary radii are largest at young ages, when stellar XUV

fluxes are highest.

At a given age, a model is defined by the mass of its heavy element core, the mass of

its H/He envelope, the amount of incident radiation it receives, and the internal entropy of its

H/He envelope. Here we assume an isothermal rock/iron core with an Earth-like 2:1 rock/iron

ratio, using the ANEOS olivine (Thompson, 1990) and SESAME 2140 Fe (Lyon and Johnson,

1992) equations of state (EOS). For the H/He envelope we assume a fully adiabatic interior

using the Saumonet al. (1995) EOS.

In order to quantitatively evaluate the cooling and contraction of the H/He envelope,

we use a model atmosphere grid over a range of surface gravities and intrinsic fluxes. These

grids relate the surface gravity and internal specific entropy to the intrinsic flux emitted for a

given model. These radiative transfer models are computed at a Uranus and Neptune-like 50×

solar metallicity atmosphere using the methods described in Fortneyet al. (2007) and Nettel-

mannet al. (2011). These atmosphere models are fully non-gray, i.e. wavelength dependent

radiative transfer is performed rather than simply assuming a single infrared opacity. In addi-

tion, we include heating from radioactive decay in the rock/iron core and the delay in cooling

due to the core’s heat capacity. In order to correctly determine a planet’s mass loss history, it is

vital to include these thermal evolution effects, since these will strongly affect a planet’s radius

over time. Radius, in turn, has a large impact on the mass lossrate as seen in Equation 3.1.

Close-in planets like those in Kepler-36 are highly irradiated by extreme ultraviolet

(EUV) and X-ray photons. These photons photo-ionize atomichydrogen high in a planet’s

atmosphere, which in turn produces significant heating (Hunten, 1982). If this heating is large
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enough, it can generate a hydrodynamic wind that is capable of removing significant mass. We

couple this XUV-driven mass loss to our thermal evolution models using the energy-limited

approximation (Watsonet al., 1981). This allows a relatively simple analytic description of

mass loss rates.

Ṁe−lim ≈ ǫπFXUVR3
XUV

GMpKtide
(3.1)

Ktide = (1−
3
2ξ

+
1

2ξ3 ) (3.2)

ξ =
RHill

RXUV
(3.3)

Equation (3.1) describes our estimate of the mass loss rate based on the formulation

from Erkaevet al. (2007). FXUV is the time-dependent total flux between 1− 1200 angstroms,

which is given by Ribaset al. (2005) as a function of age for Sun-like stars.RXUV is the plane-

tary radius at which the atmosphere becomes optically thickto XUV photons, which occurs at

pressures around a nanobar (Murray-Clayet al., 2009).Ktide is a correction factor that accounts

for the fact that mass only needs to reach the Hill radius to escape (Lecavelier des Etangset al.,

2004; Erkaevet al., 2007). Finally,ǫ is an efficiency factor that parametrizes the fraction of

the incident XUV flux that is converted into usable work. For this work we useǫ = 0.1 based

on the observed photo-evaporation threshold described in Lopezet al. (2012). This value is

similar to the efficiencies found by Owen and Jackson (2012).Using more sophisticated photo-

evaporation models for hot-Neptunes they found mass loss efficiencies that varied from 0.05 to

0.2.
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It is important to note, however, that efficiencies of order∼10% are only relevant

for planets on orbits similar to those found in Kepler-36 or Kepler-11, i.e. orbits of∼ 10− 50

days for Sun-like stars. For more irradiated planets on∼1-3 day orbits, the mass loss efficiency

will be significantly lower due to additional cooling from recombination, while further out in

the habitable zone the evaporation is no longer hydrodynamic (Murray-Clayet al., 2009; Owen

and Jackson, 2012). Finaly, we make an additional conservative modeling choice by starting

mass loss at an age of 10 Myr, since stellar XUV fluxes and planetary radii 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 of Kepler-36b & c, we must

first examine their present day compositions. For Kepler-36b, this is relatively straightforward

since its density is consistent with a rocky compositions without a H/He envelope. In this case

we find that it should be 25.9±9.1
4.3 % iron, consistent with an Earth-like rock/iron ratio. This

is derived by matching the observed mass and radius with our structure models in the absence

of any H/He or water envelope. Likewise, the error bars include the observed 1σ uncertainties

in mass and radius. In contrast, Kepler-36c has much lower density and requires a substantial

H/He envelope to explain its radius. To estimate its presentday composition, we ran our thermal

evolution models in the absence of any mass loss. To explain its current radius Kepler-36c must

be 8.6± 1.3% H/He, assuming an Earth-like core. To calculate the errorbars we varied the

planetary albedo from 0-0.8 and the heat capacity of the rocky core from 0.5-1.0 JK−1 g−1.
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Figure 3.1 Possible mass loss histories for Kepler-36b & c. The curves plot the mass fraction

in the H/He envelope vs. time, while the colors indicate eachplanet’s density at a given age.

Likewise the inset shows the radius evolution of each planet. The black points on the right

hand side indicate the current compositions of Kepler-36b &c, while the text lists the rock/iron

mass predicted for each planet. Currently, Kepler-36c requires∼ 8% of its mass in H/He, while

Kepler-36b is consistent with an Earth-like composition. Nonetheless it is possible both planets

formed with∼ 22% H/He, but subsequent mass loss has distinguished them due to differences

in their core masses. This provides a natural explanation for the large density contrast seen today

in this system. Such evolutionary histories are a generic outcome of our evolution calculations,

with a wide range of initial H/He masses and mass loss efficiencies.
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We also included the observed uncertainties in mass, radius, current age, and incident flux. In

addition, for Kepler-36b we can set an upper limit on the presence of any H/He envelope. It

must be< 0.1% H/He, assuming a maximally iron rich core (Marcuset al., 2010).

By knowing the present day compositions, we can determine the mass of each planet’s

core. For Kepler-36b it is simply the observed mass from TTVs, 4.5±0.3 M⊕, while for Kepler-

36c it is 7.4±0.5
0.4 M⊕. Using these core masses, we ran fully coupled models including both mass

loss and thermal evolution, in order to determine the initial composition each planet had after

formation. To ensure consistency, we check that these models with mass loss are still able to

reproduce present day radius.

Figure 3.1 shows the results of our coupled mass and thermal evolution models for

both planets in the Kepler-36 system. The model assumes thatboth planets formed at their

current orbits with the same initial H/He mass fraction. Each curve plots the fraction of each

planet’s mass in the H/He envelope vs. age, while the colors indicate the planet’s density at that

age. The black points at the right indicate the current age and composition of the Kepler-36

planets. We also show the radius evolution of both planets inan inset. Such large radii at young

ages are a generic outcome of evolution models, since the H/He envelopes are warm and are not

degenerate. See Mordasiniet al. (2012) for a wider exploration of planetary radii for low-mass

planets with H/He envelopes as a function of age.

At 10 Myr, when we start photo-evaporation both planets are∼ 10 R⊕. Kepler-36b

rapidly contracts as it loses mass and is down to∼ 3 R⊕ by 100 Myr. Kepler-36c is also

vulnerable to mass loss. To have retained its current 8% of H/He Kepler-36c would need to

have been formed with 22% H/He at 10 Myr and a mass of 9.4M⊕. Since Kepler-36b is
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consistent with no H/He envelope today, we can only set upperlimits on its initial composition.

However, if we assume that it formed with the same initial 22%H/He as 36c, then it would have

lost its entire H/He envelope by the time it was 2 Gyr old. Thusthe large discrepancy in the

present day densities of the two planets, can naturally be explained by the fact that Kepler-36b

is significantly more vulnerable to mass loss than Kepler-36c.

However, this leads to the question, why is Kepler-36b so much more vulnerable

than its neighbor? Although it does receive≈ 24% more incident radiation than 36c, this alone

produces far too small an effect to explain the necessary difference in mass loss histories (Carter

et al., 2012). Instead, it is caused almost entirely by the difference in the masses of the two

planets. As shown in Lopezet al. (2012), planetary radius at fixed composition is relativelyflat

as a function of mass for∼ 1− 20 M⊕ planets with significant H/He envelopes. As a result,

density for these planets goes roughly like the mass. Since the mass loss rate is proportional to

the inverse of the of the average density 1/ρ̄, the mass loss timescale goes likeMp× ρ̄ or M2
p.

However, rather than considering a planet’s total mass today, it is useful to consider

simply its heavy element mass today. Unlike the current total mass and bulk density, the heavy

element mass should remain essentially constant as a planetcontracts and loses its H/He en-

velope, providing a useful tool for estimating a planet’s mass loss rate throughout its history.

For simplicity, we assume here that the heavy elements are locked in a silicate/iron core, al-

though it is also possible that some of these metals could be mixed into the H/He. Of course

at a given composition, the mass of this rocky coreMcore is proportional to the total massMp.

Thus the mass loss timescaletml goes roughly likeM2
core. We calculate that Kepler-36c’s rocky

core should be 65% more massive than that of Kepler-36b. As a result, we predict that the mass
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loss timescale for Kepler-36b was∼ 3 times shorter than for Kepler-36c.

In Figure 3.1, we have presented one possible scenario for the evolution of Kepler-36.

These results are insensitive to any reasonable variation in the mass loss efficiency or the initial

envelope fractions. For mass loss efficiencies significantly less than 0.1, it is not possible to

construct a scenario where both planets b and c started out with identical envelope fractions.

Nonetheless, even for lower efficiencies it is still quite possible that both planets started off with

substantial amounts of H/He but that Kepler-36b lost its gaseous 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 mass loss evolution of planet de-

pends on more than just the incident XUV flux that a planet receives. In Lopezet al. (2012) we

showed that there is a threshold in the observed population of transiting planets with measured

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

tloss=
GM2

p

πǫR3
pFXUV ,E100

F⊕
Fp

≈ 12Gyr (3.4)

Here Fp is the incident bolometric flux that a planet receives from its parent star,

F⊕ is the current bolometric flux that the Earth receives from the Sun, andFXUV ,E100 = 504

ergs−1 cm−2 is the XUV flux at the Earth when it was 100 Myr old. In Lopezet al. (2012) we

then performed a simple parameter study to show that this critical mass loss timescale was well

reproduced by our coupled thermal and mass loss evolution models.
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In order to better understand in detail how mass loss evolution depends on the mass of

a planet’s rocky core as well as the incident flux and mass lossefficiency, we greatly expanded

the parameter study from Chapter 2. Beginning at 10 Myr, we ran over 6000 evolution models

varying the incident flux, core mass, composition, and mass loss efficiency. We then recorded

the radius, mass, and composition at different ages. The grid of initial conditions was evenly

spaced logarithmically, with incident flux varying from 1− 1000F⊕, the rocky core mass from

1-64M⊕, the initial H/He mass fraction from 0.1-80% H/He, and the mass loss efficiency from

0.01-1.0. Figure 3.2 summarizes the results. In each panel we have plotted the incident flux

vs. the core mass. Each circle corresponds to an individual planet that is color-coded by the

fraction of its initial H/He envelope that is lost by the age indicated on the panel. At each

point we overplotted multiple models with different initial compositions, in each case the size

of the circle corresponds to the initial mass fraction in theH/He envelope. Finally the different

panels compare results at different times and for differentmass loss efficiencies. The top three

panels show the results using our standard mass-loss efficiency at 50 Myr, 100 Myr, and 1 Gyr.

Meanwhile the bottom three panels show the results at 5 Gyr, atypical age forKeplersystems,

for mass loss efficiencies of 0.01, 0.1, and 1.0.

Clearly, the mass loss history of a planet depends strongly on both the incident flux

and the mass of the rock/iron core. The indigo models in the lower right of each panel have

lost a negligible fraction of their initial H/He envelope. These models have either relatively

massive cores and/or receive little incident flux and so massloss is unimportant to the evolution

of planets in this part of parameter space. On the other hand,the dark red models in the upper

left with low mass cores and high incident flux have completely lost their entire H/He envelopes.
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This region of parameter space should be filled with highly irradiated rocky planets like CoRoT-

7b and Kepler-10b (Légeret al., 2009; Quelozet al., 2009; Batalhaet al., 2011).

In between there is a transition region where mass loss is important but at least some

of the models are able to retain a H/He envelope. This transition region is relatively narrow,

spanning less than an order of magnitude in incident flux for agiven core mass. For models in

this transition region the relation between the size of the initial H/He envelope and the fraction

of the envelope lost is extremely complicated and not alwaysmonotonic. There is trade off

between the fact that planets with small initial envelopes have relatively little mass in those

envelopes to lose, and the fact that planets with large initial envelopes have larger initial radii

and therefore experience much higher mass loss rates. For models at early times and/or low

mass loss efficiency, the fraction of the envelope lost increases with the initial envelope fraction.

On the other hand, at late times and/or high mass loss efficiencies it is the planets with small

initial envelopes that are most vulnerable. As a result, much of the scatter in characterizing this

transition region is determined by variations in the initial H/He envelope fraction.

In addition, the bottom three panels of Figure 3.2 make it clear that the location of

this mass loss transition region depends on the mass loss efficiency. This makes sense; it is of

course easier to remove more mass if the photo-evaporation is more efficient. Below, we will

show that this behavior can also be well approximated as a power-law. In contrast, the behavior

with age is more like an exponential decay. Most of the mass islost in the first 100 Myr, while

a comparison of the top right and bottom middle panels shows that relatively little mass is lost

after 1 Gyr.

Likewise, in each panel the threshold for significant mass loss can be described as a
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power-law. If we define the criterion for significant mass loss to be the evaporation of half the

initial H/He envelope by several Gyr, then at a given age and mass loss efficiency this defines

a power-law relation between the rock/iron core mass and thethreshold incident flux needed

for substantial mass loss. The slope of this power-law is roughly Fth ∝ M2.4
core, as discussed in

section 3.4.3.

3.4.2 Why Core Mass?

The virtue of studying mass loss trends vs. core mass is that it allows us to define

a narrow band of parameter space in Figure 3.2 where the precise details of mass loss are

important with relatively little scatter due to variationsin the initial H/He envelope mass. The

currently observable planet properties, such as present day planet mass, radius, and density, are

themselves highly dependent on the mass loss history and therefore on other unknown variables

like the mass loss efficiency and initial composition. This makes it difficult to separate the

effects of variations in current planet mass from variations in other parameters like incident flux

or mass loss efficiency. On the other hand core mass represents an initial condition which is

constant throughout a planet’s mass loss history.

Rather than core mass we could alternatively choose to studytrends against other

theoretical parameters like the initial envelope mass or initial total mass after formation. Like

core mass, these parameters are independent of any subsequent mass loss evolution; however,

in our models these parameters also less adept at predictingthat mass loss evolution. In Figure

3.3 we show howflost, the fraction of a planet’s initial H/He envelope that is lost, depends on

the core mass, the initial envelope mass, and the total mass.Each of the different curves is for a
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different initial compositionfenvelopevarying from 1-60% H/He. All the models are computed

at 100F⊕, assumeǫ = 0.1, start at 10 Myr, and end at 5 Gyr.

Ideally we want a parameter that minimizes the scatter between models with different

initial compositions. Initial composition is not directlyobservable, and determining a planet’s

mass loss history is a much more model-dependent exercise than determining its current com-

position. For observed planets like those in Kepler-36, it is possible to tightly constrain the mass

in a H/He envelope, even without the coupled thermal evolution models used here (Rogers and

Seager, 2010b). Moreover, as we show in Figures 3.4-3.7, trends with composition are com-

plicated and cannot be described by a simple power-law. Thusparameters that minimize the

scatter between models with different initial compositions are much better predictors of mass

loss evolution. Comparing panels a) and b) in Figure 3.3, it is clear that plottingflost vs. core

mass produces vastly less scatter than plottingflost vs. initial envelope mass. In panel c) we

see that initial total mass is a reasonable predictor offlost, but with about twice as much scatter

as in panel a). Unique among a planet’s properties,Mcore is unchanged throughout a planet’s

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

3.4.3 Scaling Relations for Coupled Mass Loss Evolution

In order to quantify the dependency of mass loss on initial conditions, we examine

how the location of the mass loss transition region varies with each variable independently. This

allows us to understand the qualitative behavior of our complete model in terms of a few simple

scaling relations. Such relations can be used for quick and relatively accurate estimates of the

importance of mass loss for detected planets.
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We start by definingFth as the threshold flux for a model with a given core mass, mass

loss efficiency, age, and initial composition to lose half ofits initial H/He envelope. Holding all

other variables fixed we examine howFth varies with each parameter and try fitting a power-law

relation. We then vary the other parameters across our entire parameter study and examine the

scatter in these power-law fits. The dependence ofFth on Mcore, ǫ, and flost (the fraction of the

initial H/He envelope that is lost) are all well fit by power-laws. As we previously described,

the age dependence can be described as an exponential decay.For a 1M⊕ core andǫ = 0.1, the

best fit exponential decay is:

Fth ∼ exp(−(t − 140 Myr)/80 Myr)F⊕ + 3.4F⊕ (3.5)

Meanwhile for systems older than 1 Gyr, age dependence is unimportant, allowing us to study

Fth independently of age.

Figure 3.4 shows in detail how the threshold flux and the amount of H/He lost depend

on each variable in our parameter study according to our thermal and mass loss evolution model.

For clarity we have picked representative values for the core mass, mass loss efficiency, and the

initial composition, but the results shown are generalizable across the entire parameter space.

The default values correspond roughly to those for Kepler-36c: an 8M⊕ core,ǫ = 0.1, and an

initial composition of 20% H/He. Likewise, we choose modelswhere 50% of a planet’s initial

envelope has been lost. We then varyMcore, ǫ, 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 howFth depends onMcore. This is well described by the
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over-plotted power-law withFth ∝ M2.4
core. This power-law is closely related to the critical photo-

evaporation timescale that we described in Lopezet al. (2012), where the mass loss timescale

tml goes likeMpρ/Fp. This corresponds to the transition region in Figure 3.2. Because super-

Earths and sub-Neptunes contain most of their mass in a rock/iron core,ρ, Mp, andMcore all

correlate strongly with each other, which implies thatFth ∝ Mpρ̄ ∝ M2
core. Our fitted power-law,

Fth ∝ M2.4
core, is slightly steeper than the simpleM2

p dependence we would expect analytically.

The difference is due to the slight dependence of radius on core mass.

Likewise in Figure 3.4b we examine howFth depends onǫ. This is also well fit by a

power-law, however it is intriguing that the dependence onǫ is not quite inversely linear as it

would be in a simple mass loss timescale. This is one of the effects of coupling mass loss and

thermal evolution. All other things being equal, as the massloss efficiency increases, the mass

loss timescale becomes shorter while the thermal cooling timescale is relatively constant. As a

result, the radius decreases more slowly as mass is lost, meaning that slightly more mass will

be lost over a planet’s history. This means thatflost increases more than linearly withǫ. In turn

this means that for fixedflost, Fth decreases less than linearly withǫ. We can summarize both

these trends in a single equation:

Fth = 0.5F⊕

(

Mcore

M⊕

)2.4±0.4
( ǫ

0.1

)−0.7±0.1
(3.6)

Equation (3.6) describes the results of our power-law fits for the location ofFth. This

is the incident flux a planet needs to receive from its parent star to remove half a planet’s initial

H/He envelope over the planet’s lifetime, as a function of core massMcore, photo-evaporation
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efficiencyǫ, and the flux that the Earth receives from the SunF⊕. This was derived by fitting

to all the models in our parameter study and the error bars correspond to the 1σ errors in those

fits. Unfortunately, the dependence on initial compositionis significantly more complicated and

cannot be described by a simple power-law.

In Figure 3.4c we plotFth against the initial mass fraction in the H/He envelope at

10 Myr. For modest initial H/He envelopes, up to∼ 60% of the planet’s total mass, increasing

the H/He mass does not significantly affectFth. However, above this point the envelope’s self

gravity becomes sufficiently strong that density increasesrapidly and it becomes increasingly

difficult to remove any mass. At the same time, since these planets have such massive envelopes,

removing a few Earth masses of H/He has a much smaller impact on their overall composition.

Figure 3.5 shows the other main effect of varying the initialcomposition. Here we show how

theMcore−Fth power-law index from Figure 3.4a depends on the initial composition. In general,

as we increase the initial envelope mass, the radius-core mass relation becomes slightly steeper

leading to a steepening of theMcore− Fth relation.

In Figure 3.6 we complete the picture by showing how the amount of mass lost de-

pends on all these aspects. We plotflost, the fraction of the initial envelope that is stripped after

5 Gyr, vs. the ratio of the incident flux and the threshold flux described by equation (3.6). The

relation is roughly linear as described by equation (3.7), where if flost ≥ 1 then the planet is

completely stripped.

flost = 0.5

(

Fp

Fth

)1.1±0.3

(3.7)
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Finally, in Figure 3.7 we examine the quality of these simpleanalytic approximations

compared to full results of our actual models. Here we plot the ratio of our full model and the

analytic results of equations (3.6) and (3.7) vs. the initial composition. The error bars represent

the 1σ scatter due to variations inMcore, ǫ, and flost. For initial compositions that are less then

∼ 60% H/He, the two generally agree with each other to within a factor of 2. For more massive

initial envelopes, the analytic description breaks down and overstates a planet’s vulnerability

to mass loss. Also, it is important to keep in mind that these fitting equations are only rough

approximations of the fully coupled evolution models and should not be used to make detailed

predictions for individual planets. Nonetheless, these equations are valuable in understanding

the qualitative behavior of our complete model and in makingstatistical 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 planets should be most vul-

nerable to mass loss. In addition to the incident XUV flux thata planet receives, its mass loss

history should depend strongly on the mass of its rock/iron core. Planets that are either highly

irradiated or have low mass cores are more vulnerable to losing any primordial H/He enve-

lope. Thus we expect that we should not find planets with H/He envelopes above theFth − Mcore

threshold relation in equation (3.6). Any planets that are well above this relation should either

be rocky, or water worlds which are less vulnerable to mass loss (Lopezet al., 2012), or have

H/He envelopes so large that equations (3.6) and (3.7) breakdown.

Figure 3.8 shows incident flux and core mass for all observed transiting planets with
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well defined masses less than 100M⊕ and radii less than 1.1RJ from exoplanets.org (Wright

et al., 2011). Two planets were removed by the radius cut since theyare known to be inflated

and it is impossible to accurately determine a heavy elementmass for these planets. To calcu-

late core masses for the other 29 planets we ran water-free thermal evolution models without

mass loss for each planet. The error bars onMcore include the observed uncertainties on mass,

radius, and age as well as theoretical uncertainties on the iron fraction and thermal properties

of the rocky core (Lopezet al., 2012). Each planet is color-coded by its current H/He envelope

fraction. The red-brown open circles are planets that are consistent with being rocky today. The

dashed black line shows theFth − Mcore relation from equation (3.6) scaled up by a factor of two

so that equation (3.7) predicts complete stripping rather than only removing half the initial H/He

envelope. Although the uncertainties are large, all the planets with substantial H/He envelopes

are consistent with being to the right of this threshold. Of the six planets that lie to the left of

the threshold, three (Kepler-10b, CoRoT-7b, and Kepler-20b) are consistent with being rocky

and the other three with being water worlds (55 Cancri e, Kepler-18b, 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 mass lossevolution on planet

mass and composition. However, for the vast majority ofKeplercandidates neither of these can

be determined. As a result it is worth examining the predictions that our parameter study makes

for planet radii. Figure 3.9 shows the radius-flux distribution of the models in our parameter
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study after 10 Gyr of thermal and mass loss evolution. As a reminder, we ran models on a log

uniform grid of incident flux, core mass, and initial envelope fraction. Points show individual

models colored by their final H/He fractions while the grayscale boxes show the density of

points in the distribution. In order to directly compare with other recent studies described below,

we limited ourselves to core masses<15 M⊕, which also corresponds to the high end of core

masses that will trigger runaway accretion (Movshovitzet al., 2010). Modest variations of the

maximum core mass, from 10-20M⊕, do not qualitatively change any of the results described

below. Planets with more massive cores, will have likely undergone runaway accretion and have

final radii > 4 R⊕. In addition to varying the core mass, initial envelope fraction, and incident

flux, we have also varied the iron fraction of the rocky core since this will smear out any trends

with radius. We varied the iron fraction uniformly from puresilicate rock, to the maximum iron

fraction allowed by collisional stripping,∼60-80% in this mass range (Marcuset al., 2010).

For simplicity we restricted ourselves to only a single age and our standard mass loss efficiency

0.1.

Our parameter study here is not meant to produce a realistic radius-flux distribution.

Our choice of a log uniform distribution in core mass, envelope fraction, and incident flux is

meant to effectively probe the range of possible models. Nonetheless there are key features in

Figure 3.9 that should be observable in the flux-radius distribution of Keplercandidates. First

and foremost, there should be a decline in the rate of sub-Neptune sized planets, here defined as

1.8-4.0R⊕, at high incident fluxes due to photo-evaporation. In particular, these planets should

become comparatively rare forFp & 100F⊕, which corresponds to periods.10 days. Such an

effect may have already been seen by Howardet al. (2012) and Youdin (2011). At the same
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time there should be a corresponding increase in the frequency of rocky planets withRp <1.8

R⊕, due to the large number of stripped cores.

Owen and Wu (2013) recently performed a similar parameter study and predicted

that there should be a significant gap in the radius distribution with few planets between 1.5 and

2.5 R⊕. The origin of this gap is easy to understand. Planets in thissize range will typically

be∼0.5% H/He. Such small envelopes are highly vulnerable to photo-evaporation; even tiny

mass loss rates∼ 0.01 M⊕Gyr−1 will be more than sufficient to strip these planets. Moreover,

planets that formed with more substantial initial envelopes are unlikely to end up in this part of

parameter space. This behavior was discussed at length in the context of evolution models for

Kepler-11b in Lopezet al. (2012). If a planet experiences enough mass loss to remove several

percent of its mass, then it is much more likely to lose its envelope completely than to end up

with an envelope that is∼0.5% H/He.

Nonetheless, we do not see a gap that is as clear cut as that found by Owen and

Wu (2013). Instead we see a diagonal band in which models are relatively rare, although by

no means excluded. This “evaporation valley” is typically 0.5 R⊕ wide and occurs at slightly

larger radii at higher incident fluxes. This is because in ourparameter study we did not include

planets that simply formed without any envelope at all. As a result, only planets that have lost

their envelope to photo-evaporation end up being rocky. At the low flux end, only planets with

initial envelopes∼0.1% H/He and the lowest core masses will lose their envelopes, resulting in

relatively small stripped cores. On the other hand, at the high flux end even planets with initial

envelopes up to∼ 1% H/He and core masses up to∼10 M⊕ are easily stripped. This removes

somewhat larger H/He envelopes but results in larger stripped cores, moving the evaporation
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valley up to∼2-2.5R⊕.

However even in the middle of the diagonal evaporation valley, we find models from

our study. Partially, this is due to varying the iron fraction of the cores, which smears out radius

trends by∼0.15 R⊕. Mostly however, it is due to running a comprehensive parameter study

that sampled a wide range of initial conditions. The Owen andWu (2013) study only tested

five values for the core mass, without any initial compositions<1% H/He. In contrast, Figure

3.9 includes 200 different combinations of core mass and initial composition. In the absence

of photo-evaporation, this suite of models finely samples the entire range of radii from 1-4R⊕,

as can be seen by the leftmost column in Figure 3.9. We suggestthat the reason Owen and

Wu (2013) see a clear gap in the radius-flux distribution is because 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 observed distribution of planet

radii. Fressinet al. (2013) and Petiguraet al. (2013b) recently performed careful studies of

Keplerplanet occurrence rates as a function of radius after correcting for false positives and the

various selection effects. In both cases the studies find a flat occurrence rate below∼2.8 R⊕

with larger planets being significantly rarer. Both these studies span a wide range of periods, out

to 85 days for Fressinet al. (2013) and 50 days for Petiguraet al. (2013b), and use fairly wide

radius bins. As a result, it is perhaps not surprising that they would not detect our relatively

narrow evaporation valley. On the other hand, the flat occurrence rates found by Fressinet al.

(2013) and Petiguraet al. (2013b) seem inconsistent with the wide gap proposed by Owenand

Wu (2013).

There are physical reasons why the evaporation valley seen in Figure 3.9 might not
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exist or be less pronounced. First, there could exist a largepopulation of 1-10M⊕ rocky planets

that simply formed without ever accreting a H/He envelope. This is possible if these planets

formed through giant collisions after the disk had already dissipated (Morbidelliet al., 2012).

This would introduce another population of 1-1.8R⊕ planets that would not show any strong de-

pendence on incident flux due to photo-evaporation. Depending on how common these planets

are, this could largely mask any gap in planet occurrence at radii <1.8R⊕, which corresponds

to incident flux.100F⊕ or periods longer than∼10 days.

Second, if sub-Neptunes typically form beyond the snowlinethen in addition to rock,

iron, and H/He, these planets could have large amounts of water and other volatile ices (Rogers

et al., 2011). Much like varying the iron fraction of the core, varying the water fraction could

wash out any trends in radius, but to a much greater extent. A 5M⊕ planet that is 50% water

will be ∼0.5R⊕ larger than one with an Earth-like composition (Lopezet al., 2012). Since our

evaporation valley is only∼0.5R⊕ wide, varying the water content sub-Neptunes from 0-50%

would completely eliminate any dip in planet occurance.As a result, the presence or absence of

such a dip is a useful test for whether sub-Neptunes form in situ without any water(Chiang and

Laughlin, 2013; Hansen and Murray, 2012), or migrate from beyond the snow-line with large

amounts of water (Rogerset al., 2011).

3.5.2 Relative Sizes in Multi-Planet Systems

Beyond simply explaining individual systems like Kepler-36, models of mass loss

evolution may shed light on many of the puzzles of planet occurrence statistics. One such

puzzle is that many of theKeplermulti-planet systems like Kepler-11, Kepler-18, & Kepler-36
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exhibit regular ordering of their radii; i.e. each planet tends to be larger than the one interior

to it. This trend was recently quantified by Ciardiet al. (2013) which found that in pairs of

planets fromKepler multi-planet systems there is a statistically significant tendency for the

inner planet to be smaller than the outer planet. Ciardiet al. (2013) examined over 900 pairs of

planets with periods ranging from 0.45 to 331 days and found that the inner planet is smaller in

≈60% of planet pairs. Furthermore, they found that the fraction of planet pairs where the inner

planet is smaller rises to∼70% when the both planets are within 20 days, and that the trend is

only apparent for planets that are smaller than Neptune. Assuming that these planets also have

masses less than Neptune, these are precisely the planets that should be vulnerable to photo-

evaporation. We find that this trend can be explained as a natural result of photo-evaporation.

Unless there is a strong tendency for planets on shorter periods to have more massive rocky

cores, then inner planets should be substantially more vulnerable to photo-evaporative mass

loss.

On average we find that the inner planet in the Ciardiet al. (2013) sample receives

7.9 times more incident flux than the outer planet. Moreover,since this trend exists for pairs

of planets orbiting the same parent star, we know that they receive the same XUV spectrum.

Applying the scaling law derived in equation (3.7), this implies that the inner planets in their

sample should typically lose∼ 10 times as much H/He. In Lopezet al. (2012) we showed that

there is a near one to one correspondence between radius and the H/He mass fraction. As a

result, this increased vulnerability to mass loss should naturally lead interior planets to have

smaller radii. In addition, we would expect the fraction of pairs with smaller inner planets to

rise at the shortest periods if these trends are in fact due toatmospheric mass loss. When both
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planets have periods shorter than∼20 days, it is likely that both will be vulnerable to substantial

mass loss and so there should be a larger impact on the relative radii.

However, there are several factors that can diminish the impact of mass loss on relative

radii. Firstly, some planets will be rocky super-Earths without any volatile envelopes. Likewise

our models predict that many planets on highly irradiated orbits should have envelopes com-

pletely stripped off. Of course, once a planet has lost its entire envelope its radius can not

continue to shrink thus limiting any further differences inradii. Likewise, for planet pairs on

less irradiated orbits, neither planet might be vulnerableto photo-evaporation. Also as we have

already shown, large differences in rocky core mass can overwhelm differences in incident flux.

All of the effects combine to limit the usefulness of radii alone to understand differences due to

mass loss evolution and may explain why the trends seen by Ciardi et al. (2013) are relatively

weak. Unfortunately, most of the planets in the Ciardi sample do not have mass measurements

from radial velocity or TTVs, making it difficult to empirically test the importance of core mass

on the trends they observe.

Currently, there are 16 pairs ofKepler planets where both planets have well deter-

mined masses and meet the SNR and impact parameter thresholds described in Ciardiet al.

(2013). These include planets in Kepler-9 (Holmanet al., 2010), Kepler-10 (Batalhaet al.,

2011), Kepler-11 (Lissaueret al., 2011a, 2013), Kepler-18 (Cochranet al., 2011), Kepler-20

(Fressinet al., 2012; Gautieret al., 2012), and Kepler-36 (Carteret al., 2012). Of these 16

pairs, in four cases the inner planet is larger than the outer: Kepler-9b/c, Kepler-11c/f, Kepler-

11d/f, Kepler-11e/f. In all four of these cases the inner is significantly more massive than the

outer planet. With only four cases the trend is not yet statistically significant, however, the ten-
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dency for inner planets to be either smaller or significantlymore massive is a robust prediction

of our mass loss models. Whenever the inner planet in a multi-planet system has a larger radius,

it should also be significantly more massive. There should not be any highly irradiated pairs

of planets where the inner planet is less massive than the outer but where the inner planet has

enough of its mass in a H/He envelope such that its radius larger.

It is worth mentioning that there are other processes in planet formation and evolution

which could contribute to the trends seen by Ciardiet al.(2013). Ikoma and Hori (2012) showed

that when super-Earths and sub-Neptunes form on highly irradiated orbits, the rate of H/He

accretion is significantly slower when the local disk temperature is higher. Moreover, on short

period orbits it is much easier for low mass planets to open a gap in the disk, which would

also limit their envelope accretion (Hansen and Murray, 2012). Assuming that planets in the

Keplermultis formed in the same ordering that they are in today, then inner planets should have

had more difficulty in accreting large H/He envelopes. Likewise, given that proto-planetary

disks evaporate from the inside out (Calvetet al., 2000), outer planets will have had more

time to accrete an envelope. Nonetheless, given the critical mass loss timescale threshold that

we identified observationally and theoretically in Lopezet al. (2012), and a concurring view

advanced by Wu and Lithwick (2013), it seems quite reasonable that photo-evaporative mass

loss plays an important role in producing the trends among planet pairs seen by Ciardiet al.

(2013). Most likely, both planet formation and subsequent evolution 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 observationsthat photo-evaporative

mass loss plays an important role in the evolution of highly irradiated super-Earths and sub-

Neptunes (Baraffeet al., 2006; Jacksonet al., 2012; Wu and Lithwick, 2013). Lecavelier Des

Etangs (2007) first proposed that there could be a critical mass loss timescale in the observed

population of hot Jupiters and Neptunes. In Lopezet al. (2012) we confirmed the existence of

this threshold for all planets with measured densities downto 2 M⊕. Moreover, Lopezet al.

(2012) showed that this critical mass loss timescale is naturally reproduced by our coupled

thermal and mass loss evolution models. Likewise, this massloss threshold is also reproduced

by other models which fully solve the hydrodynamics of the mass loss wind (Owen and Jackson,

2012; Owen and Wu, 2013). Here we have expanded upon the parameter study performed in

Lopezet al. (2012) and shown in detail how mass loss history depends on incident flux, core

mass, and mass loss efficiency.

We have shown that in addition to the amount of XUV irradiation received by a planet,

the mass of its rock/iron core plays a critical role in determining a planet’s photo-evaporation

history. Moreover we have shown that this provides a naturalexplanation for the large density

contrast observed between Kepler-36 b&c. In order to betterunderstand the role of core mass,

we performed an extensive parameter study and provided approximate scaling relations which

can be used for estimates of whether mass loss has been important for detected planets.

Further, we showed that the compositions of the observed population of transiting

planets are consistent with our detailed models and these scaling relations. Finally, we showed
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that our coupled thermal and mass-loss evolution models make important predictions for the

radius-flux distribution ofKeplercandidates. In particular, we predict that sub-Neptune sized

planets should become significantly less common at very short orbital periods. In addition,

there may exist a narrow “evaporation valley,” which is a useful test for whether sub-Neptunes

are formed in situ. We anticipate that future progress in this area will come from additional

mass determinations of sub-Neptune sizeKepler candidates, a better understanding of XUV

fluxes from all types of stars as a function of age, and furtherprogress 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 paramter study. In each panel we have

plotted models on a grid of incident flux vs. planetary core mass in Earth masses. At each

point in the grid, we have over-plotted multiple models withdifferent initial compositions. The

size of each point indicates the initial H/He fraction a planet began with. Meanwhile, colors

indicate how much of this initial H/He envelope is lost over time. Thus dark blue points are

models where mass loss is unimportant while dark red points are models where the entire H/He

envelope has been stripped off. The mass loss history depends strongly on a planet’s core mass

as well as the incident flux. In each case, there is a clear threshold region where mass loss is

important but, at least some models are able retain significant H/He envelopes. The top panels

show the threshold at 50 Myr, 100 Myr, and 1 Gyr for our standard mass-loss efficiency of 10%.

Most of the mass is lost in the first 100 Myr while almost no massis lost after 1 Gyr. Likewise,

the bottom panels show the results at 5 Gyr for efficiencies of1, 10, and 100%.
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Figure 3.3 The fraction of the ini-

tial H/He envelope which is lost to

subsequent photo-evaporation (flost)

vs. three different mass parameters,

according to our models. Panel a)

plots flost 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 fenvelope, vary-

ing from 1-60% H/He. All of these

models receive 100F⊕, assumeǫ =

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 3.4 Three panels showing how the

threshold flux varies with core mass, mass

loss efficiency and the initial composition. In

panel a) we show how the threshold flux, the

incident flux needed to remove half a planet’s

initial H/He envelope, varies with the core

mass along with the best fit power-law. In

panel b) we do the same for the mass loss ef-

ficiency. In panel c) we show how the thresh-

old flux depends on the initial H/He envelope

fraction. There is little dependence on compo-

sition until the planet starts out > 60% H/He.
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Figure 3.5 Index of the core mass power-law from Figure 3.4 and equation (3.6) vs. initial H/He

envelope fraction. The dependence on core mass becomes steeper as the initial H/He fraction

increases.
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Figure 3.6 flost the fraction of the initial H/He that is stripped after 5 Gyr vs. incident flux

compared toFth the threshold flux defined in equation (3.6). BelowFth, flost increases roughly

linearly with incident flux. Above∼ 2× Fth, the envelop is completely stripped.
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Figure 3.7 flost according to the results of our full model from Figure 3.2 is divided by flost

according to the simple analytic description in equation (3.6) and plotted against initial H/He

fraction. For initial compositions < 50% H/He, the two generally agree within a factor of 2 or

better.
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Figure 3.8 Incident flux and core mass for 29 observed transiting planets with well defined

masses less than 100M⊕. Planets are color-coded by their current H/He envelope fraction. Red-

brown open circles are consistent with being H/He free. The dashed line shows theFth − M⊕

relation from equations (3.6) and (3.7), scaled up slightlyto account for complete stripping of

H/He. Of the six planets that lie 1σ 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 parameter study. The greyscale boxes

indicate the frequency of models that end in each box due to thermal and mass loss evolution;

i.e., black boxes contain many models and white boxes few. Athigh incident flux there is a

strong decrease in the frequency of∼ 1.8− 4.0 R⊕ sub-Neptune sized planets and an increase

in the frequency of. 1.8 R⊕ rocky super-Earths. Points show the individual models, colored

by their final H/He envelope fractions as result of photo-evaporation. The leftmost column of

points at 1F⊕ closely approximates the distribution without any mass loss. Rust colored points

in the bottom right correspond to rocky planets that have lost their envelopes. Just above these

stripped cores there is a clear decrease in the frequency of models. Planets that enter this region

have envelopes that are so small they tend to be stripped off completely.
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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 over 3500planet

candidates to date (Boruckiet al., 2011; Batalhaet al., 2013a). Among the mission’s many firsts

and accomplishments, however, one of the most revolutionary is that for the first time we have

a robust determination of the relative abundance of different sizes of planets stretching from

Earth-sized all the way up to the largest hot Jupiters (Howard et al., 2012; Fressinet al., 2013;

Petiguraet al., 2013b).

In particular,Kepler has discovered an abundant new population of∼3 R⊕ planets

(Fressinet al., 2013; Petiguraet al., 2013b). Although smaller than Neptune, these planets are
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large enough that they must have substantial hydrogen and helium (hereafter H/He) envelopes

to explain their radii. Such planets are unlike anything found in our own Solar System and

fundamental questions about their structure and formationare still not understood. Are these

Neptune-like planets that form beyond the snow-line and contain large amounts of volatile ices

(Rogerset al., 2011), or are these scaled up terrestrial worlds with H/He envelopes that formed

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

In an attempt to address these questions, a great deal of effort has been invested in

acquiring precise masses for a large number of these transiting planets. In recent years this has

generated a much fuller understanding of the mass-radius relation, especially for sub-Neptune

and super-Earth sized planets (Weisset al., 2013). In particular, there are now several multi-

planetKeplersystems like Kepler-11 with masses determined from TransitTiming Variations

(TTVs) (e.g Lissaueret al., 2011a; Carteret al., 2012; Cochranet al., 2011; Lissaueret al.,

2013). Although rare, such systems are incredibly valuablebecause with both a mass and a ra-

dius we can estimate a planet’s bulk composition using models of interior structure and thermal

evolution (e.g. Rogers and Seager, 2010a; Nettelmannet al., 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. Thispaucity stands in stark contrast to the

over 3500KeplerCandidates with only measured radii. Unfortunately the vast majority of these

candidates are in dynamically inactive systems without strong TTVs or around distant stars too

faint for radial velocity measurements.

Moreover, even with precise masses and radii there are inherent degeneracies which

limit one’s ability to constrain the bulk compositions of super-Earth sized planets. For 1-
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2 R⊕ planets the densities of water, silicate rocks, and iron (i.e. ∼ 1-10 gcm−3) are similar

enough that it is impossible to uniquely constrain the relative abundance of these components

(Valenciaet al., 2007; Rogers and Seager, 2010a). To some extent models of planet collisions

can set upper limits on the maximum iron or water mass fractions that are physically achievable

(Marcuset al., 2009, 2010), but for a given planet this still allows a wide range of internal

compositions.

Fortunately, models are still able to set clear and useful constraints on composition. In

particular, thermal evolution models can set robust constraints on the fraction of a planet’s mass

in a H/He envelope. Due to its significantly lower density, even a relatively minor amount of

H/He (e.g.,∼1% of total planet mass) has a large impact on planetary radius. For sub-Neptune

sized∼ 3 R⊕ or larger planets, the H/He envelope will dominate a planet’s size regardless of

the abundance of other elements. As a result, for these planets, any degneracies between rock,

water, and iron are secondary to the overall distribution ofmaterial between the H/He envelope

and heavier elements.

Moreover, for sub-Neptune sized planets at fixed bulk-composition, theoretical mass-

radius curves are remarkably flat; i.e., planets with a givenH/He abundance have very similar

sizes regardless of their mass (Lopezet al., 2012). As a result, there is a remarkably tight

relationship between planetary radius and H/He envelope fraction that is independent of planet

mass. Critically, this opens up the hope of constraining H/He envelope fractions for the vast

population of Neptune and sub-Neptune sizedKepler candidates without measured masses.

This is what we begin to explore in this paper.

Whenever possible it is still preferable to obtain a well measured mass. Planet mass
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is critical for understanding how volatile rich planets accrete their initial H/He envelope (Bo-

denheimeret al., 2000; Ikoma and Hori, 2012) and whether they can retain it against X-ray

and EUV driven photo-evaporation (Lopezet al., 2012; Lopez and Fortney, 2013a; Owen and

Jackson, 2012; Owen and Wu, 2013). Nevertheless, for systems of sub-Neptunes like Kepler-

11, even a factor of∼2 uncertainties in planet masses are sufficient to tightly constrain H/He

envelope fractions with precise radii (Lissaueret al., 2013). This fact means that instead of

only examining theradius distribution of Kepler candidates, we can begin thinking about a

compositiondistribution.

4.2 Models

In order to understand how planetary radius relates to planet mass and envelope frac-

tion, it is necessary to fully model how a planet cools and contracts due to thermal evolution. For

this work, we have used the thermal evolution presented in Chapter 2, where additional model

details can be found. Similar models are frequently used to track the evolution of sub-Neptunes

and hot Jupiters. (e.g, Miller and Fortney, 2011; Nettelmann et al., 2011). Unlike Chapters 2

and 3, here we do not consider the effects of photo-evaporation. Although photo-evaporation

can have a large impact on the H/He envelope fraction of a planet (e.g. Baraffeet al., 2006;

Hubbardet al., 2007a; Lopezet al., 2012; Owen and Jackson, 2012), the effect on the thermal

state of the interior is relatively minor (Chapter 3). Here we are primarily interested in the re-

lationship between radius and H/He envelope fraction as controlled by thermal evolution, as a

result the effects of photo-evaporation can be ignored. In essence, present-day envelope fraction
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determines the radius, but that envelope fraction may have been strongly effected by formation

and photo-evaporation.

At a given age, a model is defined by the mass of its heavy element core, the mass

of its H/He envelope, the amount of incident radiation it receives, and the internal specific en-

tropy of its H/He envelope. As a default model, we assume an isothermal rock/iron core with

an Earth-like 2:1 rock/iron ratio, using the ANEOS olivine (Thompson, 1990) and SESAME

2140 Fe (Lyon and Johnson, 1992) equations of state (EOS). When determining envelope frac-

tion error bars for observed planets, however, we varied this iron fraction from pure rock to

the maximum possible iron fraction from impact models in Marcuset al. (2010). For the H/He

envelope we assume a fully adiabatic interior using the Saumon et al. (1995) EOS. In addition

we consider the possibility of water-worlds and three component models using the H2O-REOS

for water (Nettelmannet al., 2008). Finally atop the H/He envelope is a relatively smallradia-

tive atmosphere, which we assume is isothermal at the equilibrium temperature. We define a

planet’s radius at 20 mbar, appropriate for the slant viewing geometry in optical transits for so-

lar metallicity, although our results are insensitive to the exact pressure level chosen (Hubbard

et al., 2001) .

In order to quantitatively evaluate the cooling and contraction of the H/He envelope,

we use a model atmosphere grid over a range of surface gravities and incident fluxes. These

grids relate the surface gravity and internal specific entropy to the intrinsic temperature of the

flux emitted for a given model. The intrinsic temperatureTint = (T4
eff − T4

eq)
1/4 is the equivalent

blackbody temperature of the net radiation leaving a planet, it is approximately the tempera-

ture the planet would have if the parent star were removed. These one-dimensional radiative-
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convective models are computed for solar metallicity and for 50× solar metallicity enhanced

opacity atmospheres using the methods described in Fortneyet al.(2007) and Nettelmannet al.

(2011). These atmosphere models are fully non-gray, i.e. wavelength dependent radiative trans-

fer is performed rather than simply assuming a single infrared opacity. The atmospheres of

Neptune and sub-Neptune sized planets might be significantly enhanced in metals (Fortney

et al., 2013) or host extended clouds that greatly enhance atmospheric opacity (Morleyet al.,

2013). Therefore, our two atmosphere grids are a way to make asimplified first estimate of the

role of enhanced opacity on planetary thermal evolution. For all runs we use the H/He Saumon

et al. (1995) EOS for the envelope.

At very early times and very low masses, the models reach gravities beyond the edge

of our cooling grid. In such cases we logarithmically extrapolate the intrinsic temperatureTint as

a function of gravity. This does not significantly affect ourresults, however, as the dependence

of Tint on gravity is slight and the models are only at such low gravities in the first few Myr.

Finally, we include heating from radioactive decay in the rock/iron core and the delay

in cooling due to the core’s heat capacity. In order to correctly determine the mass-radius-

envelope fraction relationship, it is vital to include these thermal evolution effects, since these

will significantly delay cooling and contraction, particularly for planets less than∼5 M⊕ (Lopez

et al., 2012).

∫ Mp

Mcore

dm
TdS
dt

= −Lint + Lradio− cvMcore
dTcore

dt
(4.1)

Equation (4.1) (Nettelmannet al., 2011; Lopezet al., 2012) summarizes our ther-
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mal evolution models. The left hand side describes the cooling rate of the H/He envelope.

Positive terms on the right hand side represent energy sources that heat and inflate a planet,

while negative terms represent energy losses that allow a planet to cool and contract. The term

Lint = 4πR2
pσT4

int accounts for cooling from the atmospheric radiative transfer models described

above. Lradio describes radioactive heating, with abundances given by Anders and Grevesse

(1989). Finally,dTcore/dt represents the cooling of the rocky core. We assume a core heat

capacity ofcv = 0.5− 1.0 JK−1 g−1 (Alfè et al., 2002; Guillotet al., 1995; Valenciaet al., 2010).

Each of these terms is described in detail in Nettelmannet al. (2011) and Lopezet al. (2012).

As with previous models, we assume that planets initially form with a large initial

entropy according to the traditional "Hot-Start" model (Fortneyet al., 2007; Marleyet al., 2007).

Specifically we start our models at an age of 1 Myr with a large initial entropy of 10kb baryon−1.

This assumption does not significantly affect any of our results since hot-start and cold-start

models are indistinguishable by the time planets are∼100 Myr old (Marleyet al., 2007; Lopez

et al., 2012). Moreover, Mordasini (2013) recently showed that for planets less massive than

Jupiter gravitational heating due to settling of heavy elements in the H/He envelope can erase

any difference between hot and cold starts.

For low-mass planets, the hot-start assumption results in extremely large initial radii

&10 R⊕. However, as we explore in Section 3.2, such models cool extremely rapidly such that

significant contraction has already occurred by several Myr. In general we present results at

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

Planetary radius is an invaluable tool in understanding thenature of low-mass planets;

however, without the aid of thermal evolution models like those used here, it can be quite

difficult to interpret. In order to better understand the information contained in planet radii,

we performed a detailed parameter study of our thermal evolution and structure models for

sub-Neptune type planets with rock/iron cores and thick H/He envelopes.

As part of this parameter study we ran over 1300 thermal evolution models varying

planet mass, incident flux, envelope fraction, and atmospheric metallicity. We covered planets

from 1-20M⊕, 0.1-1000F⊕, 0.01-60% H/He, for both solar metallicity and enhanced opacity

models.We then recorded planet radius at every age from 10 Myr to 10 Gyr. The results of this

study are summarized in Figure 4.1 and Tables A.3-A.8.

Examining Figure 4.1, it is immediately clear that iso-composition mass-radius curves

are in fact remarkably flat for sub-Neptune or larger planets, at least once they are a few Gyr

old. In each panel, we show theoretical mass-radius curves while varying the H/He envelope

fraction, incident flux, and age of the model planets. For theparameters that are not varying in

each panel, we use representative values of 5% H/He, 100F⊕, and 5 Gyr.

Turning to panel a), we see the enormous effect that varying the H/He envelope frac-

tion has on planetary radius. By comparison, any other changes to incident flux, age, or internal

structure are secondary. For planets with envelopes∼0.1% of their total mass, the mass-radius

curve does increase slightly from∼1.5 R⊕ at 1M⊕ to ∼2.5 R⊕ at 20M⊕. For envelopes this

insubstantial, a planet’s size is still dominated by its rocky/iron core and so the mass-radius
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Figure 4.1 Here we show model

mass-radius relations from 1-20

M⊕ and how these depend on

H/He envelope fraction, irradia-

tion, and age, indicated by the

colors. Solid lines correspond to

enhanced opacity models, while

dotted lines correspond to solar

metallicity. The dashed rust-

colored lines show the size of

bare rocky planets with Earth-like

rock/iron abundances. Our default

model is 5% H/He, 5 Gyr old, and

receives∼100 F⊕. In panel a)

we vary the H/He envelope frac-

tion from 0.1-60% H/He, this has

by far the largest impact on planet

size. In panel b) we vary the in-

cident flux a planet receives from

1-1000F⊕. In panel c) we show a

time evolution from 10 Myr to 10

Gyr.
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curves have a similar slope to the bare rock curve shown in Figure 4.1. However, as we increase

the envelope fraction, the mass-radius curves rapidly flatten, beginning 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 modest effect of varying

the incident flux. More irradiated planets tend to be slightly larger because they have a large

scale height in their atmospheres and because the irradiation alters the radiative transfer through

their atmosphere, slowing their contraction (Fortneyet al., 2007). Nonetheless, despite varying

the incident flux by four orders of magnitude, planet radii vary by less∼30%.

Finally, panel c) shows how these mass-radius curves evolveover time. At early times

lower mass planets are significantly larger than higher massplanets due to their similarly large

internal energies and lower gravities. Over time, however,these low mass planets are able to

cool more rapidly than their more massive relatives, which gradually flattens the mass-radius

curves. By the time the planets are∼ 1 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 of a planet’s properties have

an equal impact on planet size. Planet mass and incident flux have only a modest impact on

planet size, while planet age has a larger impact, particularly at younger ages. However, by far

the largest determinate of a planet’s size is the fraction ofits mass in a H/He envelope. One way

to quantify the relative importance of envelope fraction isto construct analytic fits for radius

as a function of planet massMp, H/He envelope fractionfenv, incident fluxF⊕, and age. In
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Figure 4.2 Four panels showing how the ra-

dius of the H/He envelopeRenv = Rp − Rcore−

Ratm varies with planet mass, envelope mass

fraction, incident flux, and planet age for rep-

resentative values. Red dotted lines corre-

spond to solar metallicity atmospheres, while

blue dashed lines correspond to enhanced

opacity. Solid lines indicate power-law fits as

described in equation (4.4). Here we use de-

fault values of 5M⊕, 100F⊕, 5% H/He, and

5 Gyr.
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Lopez and Fortney (2013a) we performed a similar analysis examining planets’ vulnerability to

photo-evaporative mass loss.

Fortunately, the relationships between radius and each of these parameters are all

reasonably well described by power-laws and the effects of each variable are relatively inde-

pendent. As a result, we can do a reasonably good job of describing the results of our full

parameter study with a set of four independent power-laws. The one caveat is that we do not

fit for the total planet radiusRp, but instead the radius of the H/He envelopeRenv≈ Rp − Rcore,

whereRcore is the size of the rock/iron core. We do this because asfenv approaches zero, the

planet radius does not approach zero but instead asymptotesto Rcore.

To first order, however, the rock/iron equation of state is very incompressible and so

we can approximateRcorewith the mass-radius curve of a envelope free rocky planet. Assuming

an Earth-like rock/iron abundance, thenRcore is described by equation (4.2) to within∼2%. If

we also allow the iron-fraction of the core to vary then this error rises to∼10%, but for the

qualitative analysis we attempting here such errors are unimportant. Mcore in equation (4.2)

refers to the mass of the rock/iron core, which for sub-Neptune sized planets is approximately

the same as the total planet massMp.

Rcore=

(

Mcore

M⊕

)0.25

≈
(

Mp

M⊕

)0.25

(4.2)

Likewise, we must make a small correction to account for the size of the radiative

upper atmosphere. To first approximation, this atmosphere is isothermal at the planet’s equi-

librium temperatureTeq. For sub-Neptune sized planets at several Gyr, the radiative-convective
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boundary is typically∼100-1000 bar. For transiting planets the broadband opticalradius is

typically ∼20 mbar, or≈8-10 scale heights higher. Thus the size of the radiative atmosphere

is approximately given by equation (4.3), whereg is a planet’s gravity andµH/He is the mean

molecular weight. Generally however, this correction is typically quite small (∼0.1R⊕) except

at the very highest levels of irradiation.

Ratm≈ log

(

100bar
20mbar

)

H ≈ 9

(

kb Teq

gµH/He

)

(4.3)

With equations (4.2) and (4.3) in place, we can now fit forRenv, and then simply add

Rcore andRatmto get the total radius. The results of these fits are summarized in Figure 4.2 and

equation (4.4). Figure 4.2 compares our power-law fits to theresults of our full models for

representative values ofMp, fenv, F⊕, and age. The error bars in each panel show the 1σ scatter

about the power-law fits for the full suite of models in our parameter study. Remarkably, this

simple power-law description does a reasonable job of reproducing the results of our full model.

In general, the analytic formulation in equation (4.4) matches our full models to within∼0.1

dex.

For the age evolution, we fit separate power-laws for solar metallicity and enhanced

opacity models. The solar metallicity models cool more rapidly initially. As a result, they are

already relatively cold by∼100 Myr and so the subsequent contraction is slower. However, the

enhanced opacity models must eventually cool and by severalGyr any differences are erased.

We fit power-laws only to the evolution after 100 Myr. For solar metallicity Renv∼ t0.11 while

for enhanced opacityRenv ∼ t0.18. Equation (4.4) shows the results for the enhanced opacity
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models.

Renv = Rp − Rcore− Ratm = 2.06R⊕

(

Mp

M⊕

)−0.21

×
(

fenv

5%

)0.59(

Fp

F⊕

)0.044( age
5Gyr

)−0.18
(4.4)

It is important to note however, that the results of these fitsare only meant to be a

rough approximation of the full models summarized Figure 4.1 and tables 2-6. These fits are

done purely to help understand the qualitative behavior of our thermal evolution models, not to

be used in place of the full models. Also, equation (4.4) onlyshows the fit to our the enhanced

opacity models. At late times the solar metallicity models have a slightly shallower dependence

on age, due to more rapid cooling at early ages.

Nonetheless, equations (4.2) and (4.4) do make several things quite clear. First of

all, we can now quantify the importance of H/He envelope fraction; doubling fenv has an order

of magnitude larger effect onRp than doublingFp and more than twice as large as an effect

of doubling the age. We can also now see how flat the mass-radius curves are. Although,

Renv decreases slightly with mass, this is almost exactly balanced by the increase inRcore with

increasing mass. This result is insensitive to our choice ofinitial 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 structure models is the relative

flatness of mass-radius curves at fixed H/He envelope fraction. In sections 4.3 and 4.3.1, we

showed that for planet with&1% 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. timefor a representative example

thermal evolution model with 1% H/He on a 5M⊕ planet, receiving 100F⊕ from a sun-like

star. The black solid line shows the overall cooling rate while the dotted and dashed lines

show the cooling rate of the rock/iron core and the heating from radioactive decay, respectively.

The solid gray line shows the cooling rate if we ignore radioactivity and the need to cool the

core. This clearly demonstrates the need to include these terms when calculating the thermal

evolution of sub-Neptune like planets.
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Figure 4.4 Shown is an example calculation in which all models start at the same young age

and initial specific entropy. Internal specific entropy in the H/He envelope vs. time is shown

for various planet masses. Solid lines show enhanced opacity, while dotted show solar metal-

licity. Planets start with large initial entropy, then rapidly cool. By 10-100 Myr, the models are

insensitive to the choice of initial entropy. Low-mass planets experience more rapid cooling,

leading to the flat mass-radius curves seen in Figure 4.1. Solar metallicity models cool rapidly

at young ages and then experience more gradual cooling, while enhanced opacity models cool

more steadily at all ages.
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Figure 4.5 Intrinsic temperatureTint, i.e., the equivalent blackbody temperature a planet’s net

outgoing flux, vs. planet mass for 5 Gyr old planets receiving100 F⊕ with enhanced opacity

atmospheres. Colors show different H/He envelope fractions. Clearly, by several Gyr lower-

mass planets are significantly colder than higher mass planets. This demonstrates the need to

perform full thermal evolution calculations. Simply assuming a fixed luminosity per mass will

greatly overestimate the size of planets below∼ 5 M⊕.
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In fact, searching through the literature will show a wide range of mass-radius curves

with very different behavior at low masses (e.g., Lissaueret al., 2011a; Rogerset al., 2011;

Lopezet al., 2012). Although, all the models tend to agree above∼10-20M⊕, there can be

large disagreements below∼5 M⊕. In some cases, radius decreases with decreasing mass in

much the same way as the Earth-like mass radius curves in Figure 4.1. In other cases, the radius

increases to implausibly large sizes due to the planet’s lower gravity (Rogerset al., 2011).

Generally, these models face one of two limitations. Eitherthey ignore the contributions of

the rock/iron core to the thermal evolution, i.e., the need to cool the core and heating from

radioactive decay, or they do not perform an evolution calculation at all and instead use static

structure models in which the internal energy of the planet is treated as a free parameter.

For the Neptune and sub-Neptune sized planets that we are focusing on here,∼90-

99% of a planet’s mass is contained in the rock/iron core. Ignoring the effects of that core

on the thermal evolution will significantly underestimate these planet’s cooling timescale, and

therefore its radius. This is a common simplification with thermal evolution models that, like

our own, were originally developed to model massive gas giants, where the core has a neg-

ligible impact on the overall thermal evolution. The importance of these effects, however, is

clearly demonstrated in Figure 4.3, which shows the variouscontributions to the overall ther-

mal evolution for a typical 5M⊕, 1% H/He sub-Neptune sized planet. At every age, the cooling

luminosity of the planet is dominated by these core cooling and heating terms. At early times,

the thermal evolution is largely regulated by the need to cool the rock/iron core with its rela-

tively large heat capacity (Alfèet al., 2002; Guillotet al., 1995). At ages&1 Gyr, radioactive

heating also becomes comparable to the core cooling rate, thanks mostly due to the decay of
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40K (Anders and Grevesse, 1989). On the other hand, ignoring these terms leads to a planet

that is∼30-100× less luminous at late times, and underestimates the final radius by∼0.5 R⊕.

Some models (e.g., Mordasiniet al., 2012), make the compromise of including radiogenic heat-

ing but not including the effect of the core’s heat capacity.This is much better than ignoring

the core altogether, but as shown in Figure 4.3 both terms areimportant and this will lead to

underestimating the radii of sub-Neptune planets, especially at ages.1 Gyr.

On the other hand, it is also quite common to use static internal structure models

which do not track a planet’s thermal evolution, but insteadassume a fixed specific luminosity

(i.e. power per unit mass), which is then treated as a free variable (Rogerset al., 2011). This

is a common simplification made when a small H/He envelope is added to detailed models of

terrestrial planets, for which the cooling history is harder to determine, and has little impact on

overall planet size (Valenciaet al., 2007). When calculating possible envelope fractions for a

single planet (e.g., Rogers and Seager, 2010b), this is fine,so long as the resulting uncertainty

in the internal energy is accounted for. However, when plotting iso-composition mass-radius

curves, this leads to an unphysical upturn at low masses. Lower mass planets will of course

have lower gravities and larger scale heights, so assigningthem the same specific luminosities

as more massive planets will lead to much larger envelopes.

In reality though, lower mass planets tend to be colder at almost all ages. Partly this

is due to their low gravities which slightly increases the rate of radiative transfer through their

atmospheres (Fortneyet al., 2007). Mostly, however, it is simply due to the fact that lower mass

planets have a higher ratio of radiating surface areas to their total internal energies. Thermal

evolution will naturally result in planets that have cooling timescales comparable to their ages.
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Since all other things being equal, lower mass planets will have shorter cooling timescales, their

H/He envelopes will cool and contract slightly more to compensate.

These results are summarized in Figures 4.4 and 4.5. Figure 4.4 shows various cooling

curves for the internal entropy in the H/He envelope. Planets start with large initial entropy, and

therefore radii. As expected, models cool rapidly until their cooling timescale is comparable to

their age. As in Figure, 4.2 solar metallicity models cool rapidly for their first∼10 Myr and

then contract more slowly. The enhanced opacity models, on the other hand, cool more steadily

throughout their history. Eventually, the enhanced opacity models must also cool and contract

and by several Gyr they have largely erased any differences with the solar models. At the same

time, there is a slight change in the cooling rates due to the decay of40K.

Figure 4.5 shows the end result of this evolution. Here we show planetary intrinsic

temperatureTint versus planet mass for various H/He envelope fractions for 5Gyr old planets

receiving 100F⊕. As we can see, by 5 Gyr, low mass planets are always significantly cooler than

higher mass planets at the same envelope fractions, regardless of H/He fraction or atmosphere

metallicity.

Combined with the fact lower mass planets have slightly smaller rock/iron cores

(equation (4.2)) this increase in cooling counter balancesthe fact that lower mass planets have

lower gravities and produces the flat mass-radius curves seen in Figure 4.1. So long as a planet

has enough of an envelope thatRenv& Rcore, then equations (4.2) and (4.4) will roughly balance

and iso-composition mass-radius curves will be quite flat. This typically happens for planets

that are&1% H/He or&2.5 R⊕. Thus for most ofKepler’s Neptune and sub-Neptune sized

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

It has of course long been known that the mass-radius relationship should be flat for

non-inflated giant planets (e.g., Fortneyet al., 2007). What is remarkable here, is that this is

true even when the H/He envelope is a small fraction of a planet’s mass. Moreover, it is for

a different reason than in giant planets. For Jupiter mass planets and brown dwarfs the mass-

radius relationship is flat because their interiors are highly degenerate and partially ionized

(e.g., Zapolsky and Salpeter, 1969). That is not the case here, at the pressures and temperatures

relevant for the interiors of Neptunes and sub-Neptunes, generally .1 Mbar and 104 K, the

envelope is generally not degenerate. Even at the base of theH/He envelope for 20M⊕ planet

with a 20% envelope, the interior is only weakly degenerate,Θ = kB~
22me(3π)2/3T/n2/3

e ∼ 1

(Nettelmannet al., 2008).

4.4 The Mass-Composition Relation

Using our thermal evolution and structure models, we calculated H/He envelope frac-

tions for all∼200 confirmed planets with well determined masses, assuminga water-free in-

terior. We excluded any planets which only have upper limitson mass or purely theoretical

mass constraints. We used masses and radii from exoplanets.org (Wright et al., 2011), except

for where there are more recent values in the literature. ForCoRoT-7b, the five inner Kepler-

11 planets, and 55 Cancri e we used masses and radii from Hatzes et al. (2011), Lissaueret al.

(2013), and Dragomiret al.(2013a), respectively. We exclude confirmed planets with analytical

TTV mass estimates from Xie (2012) due to the degeneracy between planet mass and free ec-
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Figure 4.6 Planetary radius vs. mass for all 200 transiting planets with measured masses. Each

planet is colored according to the fraction of its mass in a H/He envelope, assuming a water-free

interior. Rust-colored open circles indicate potentiallyrocky planets. Points are sized according

to the incident flux they receive from their parent stars, relative toF⊕ the flux that the Earth

receives from the Sun. For comparison, we include theoretical mass-radius relations for pure

silicate rock, pure water, and pure H/He at 500F⊕. There is a very strong correlation between

planetary radius and H/He envelope fraction, both of which are more weakly correlated with

mass up to∼100M⊕.
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centricity. For inflated hot Jupiters with radii larger thanthat of pure H/He, we simply assigned

100% H/He since such planets are beyond the scope of this work. Meanwhile, for potentially

rocky planets like CoRoT-7b (Légeret al., 2009; Quelozet al., 2009) and Kepler-10b (Batalha

et al., 2011), we set strict upper limits on the size of any potential H/He envelope. Table A.2

summarizes the results for 44 planets with measured masses< 100M⊕ and radii< 12R⊕.

In order to calculate the uncertainty on these envelope fractions we included the af-

fects of 1σ variations in the observed planet masses, radii, ages, and levels of irradiation. In

addition, we included theoretical uncertainties on core iron fraction, core heat capacity, atmo-

spheric albedo, etc., as described in Lopezet al. (2012). In general, uncertainties in the stellar

radius and therefore the planetary radius are the dominant source of uncertainty. Typically this

is followed by the unknown iron fraction in the core which is typically equivalent to a 0.1 R⊕

uncertainty in the radius for low-mass planets.

Figure 4.6 plots the current measured mass-radius relationwith 1σ uncertainties for

all confirmed transiting planets with measured masses up to 1000M⊕ and radii 20R⊕. The

color of each point shows the H/He envelope fractions calculated by our models. Rust-colored

open circles show potentially volatile-free rocky planets. Meanwhile, the size of the points

correspond to the incident flux that each planet receives from its parent star, relative toF⊕, the

incident flux that the Earth receives from the Sun.

Finally, we include three theoretical iso-composition curves. The rust colored curve

shows pure silicate rock (specifically olivine). The dark blue curve corresponds to pure water

worlds on a 10 day orbit around a 5 Gyr old Sun-like star, however, varying these details does not

significantly change the curve. Finally, the black curve corresponds to pure H/He hot Jupiters
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receiving 500F⊕ (i.e., 500 times the current incident flux that the Earth receives from the Sun)

from a 5 Gyr old Sun-like star. Roughly speaking, this last curve forms the dividing line between

the inflated and non-inflated hot Jupiters.

Several features of the mass-radius relation are immediately apparent. As noted in

Weisset al. (2013), there is a roughly power-law increase in radius from∼ 1-100M⊕, above

which radius saturates at approximately a Jupiter radius. Below∼ 10M⊕ there is a particularly

large scatter in radius, with planets ranging from the potentially rocky to sub-Neptune sized

planets with∼3% H/He. For low-mass planets there is also an inverse correlation between

radius and incident flux which may be due to photo-evaporative loss of H/He (Lopezet al.,

2012; Owen and Wu, 2013).

Above∼ 100M⊕ we find the true gas giants including the highly inflated hot Jupiters.

Here the correlation with incident flux is the reverse of thatat low-mass with the most irradi-

ated planets being extremely inflated. It is unclear why there do not appear to be any super-

inflated hot Jupiters below∼ 100M⊕, it is possible that such planets would be unstable to

photo-evaporation or Roche-lobe overflow (Jacksonet al., 2010) or have a high mass fraction

of heavy elements (Miller and Fortney, 2011).

Turning to the compositions of these planets, it is immediately clear that H/He en-

velope fraction is strongly correlated with both planet mass and radius. However, on closer

inspection, where there is scatter in the mass-radius relationship it is the planet radius that cor-

relates with envelope fraction. We argue here that planet radius is first and foremost a proxy for

a planet’s H/He inventory. The fact that both envelope fraction and radius correlate with mass

is due to the fact that more massive planets are able accrete more gas during formation.
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The radius saturates at∼100 M⊕ because planet size does not simply increase with

increasing H/He mass but rather with increasing H/He massfraction. As shown in section 4.3,

there is an approximately power-law relationship between the size of a planet’s H/He envelope

and the planets H/He mass fraction. A 100M⊕ planet with a 10M⊕ core, is already 95% H/He,

as a result doubling the planet’s mass will not significantlyincrease the H/He envelope fraction

or the radius.

Figure 4.7 shows the observed sample of transiting planets except that here we have

plotted H/He envelope fraction against radius. This clearly demonstrates the close relationship

between the observed radius and the fundamental bulk composition, i.e., the fraction of it’s mass

in H/He vs. heavy elements. At a given radius, planet mass, shown by the color bar, can span

up to a factor of∼30. Nonetheless the scatter in H/He envelope fraction is typically only ∼0.3

dex. This is what we mean when we state that radius is primarily a proxy for composition.

Thus far, however, we have only considered dry interiors with H/He envelopes atop

rock/iron cores. The gray shaded region in Figure 4.7 shows the effect of varying the water

abundance of planets in our model. Using our three layer models we varied the water abundance

of the interior from completely-dry, up to 90% of core mass, where by “core” we mean the

combined mass of the rock and water layers. For clarity, we then fit power-laws to best fit radii

and envelope fractions under both scenarios; the gray shaded region shows the area in between

these fits. Clearly, allowing this degeneracy does slightlyincrease the scatter in the radius-

envelope fraction relationship. Nonetheless, above∼3 R⊕ this does not alter the conclusion

that radius and H/He envelope fraction are intimately related.

As a result, this means that we can recast the mass-radius relationship in Figure 4.6
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Figure 4.7 H/He envelope fraction vs. planet radius, for the200 transiting planets shown in

figure 4.6. Here each planet is color-coded according to its mass. The grey shaded region shows

the effect of varying the water abundance of the interior, which lowers the amount of H/He at a

given radius. Clearly there is a very tight correlation between size and H/He envelope fraction,

lending credence to our claim that radius can be used as a proxy for planetary composition.
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Figure 4.8 Similar to figure 4.6 but with H/He envelope fraction plotted against planetary mass,

and color-coded by radius. Below∼10 M⊕ there is a mix of rocky planets, possible water

worlds, and sub-Neptunes with a few percent H/He. From∼10-100M⊕ there is a strong in-

crease in both radii and H/He envelope fraction transitioning from Neptune sized planets with

∼10% H/He up to true gas giants that are almost entirely H/He. Above∼100M⊕ we find the

familiar hot Jupiters, many of which have large inflated radii. The dashed black line shows a

toy-model in which all planets have a 10M⊕ core.
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as a mass-compositionrelationship. This is shown in Figure 4.8. By doing this we have trans-

formed the observable mass-radius relationship into one that is directly relatable to models of

planet formation. Here we can clearly see that there is a fundamental change in the relationship

around∼10 M⊕. Below this planets typically have less than∼5% of their mass in H/He with

no clear relationship between envelope fraction and mass. Above this, however, most planets

are roughly consistent with& 10 M⊕ 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 the traditional core accretion model

of planet formation (e.g., Hayashiet al., 1985; Bodenheimer and Pollack, 1986). If a planet’s

rocky core becomes sufficiently massive, typically∼5-10 M⊕, then its gravity becomes suffi-

ciently strong to trigger runaway accretion from the disk. For comparison, the dashed black

line in Figure 4.8 shows a the simple toy model in which all planets have 10M⊕ core with

solar metallicity H/He envelopes. This is of course a simplified view of planet formation. In

reality there is considerable variation in disk mass, lifetime, metallicity, planet history, etc. all

of which introduces considerable scatter into the mass-envelope fraction relationship. Most

planets in Figure 4.8 lie to the right of the toy model, possibly indicating that they accreted

additional planetesimals embedded in the nebula (Mordasini, 2013). Nonetheless, Figure 4.8

offers evidence for the core-accretion model of planet formation, 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 terms super-Earth and sub-

Neptune to refer to low-massKepler planets. What exactly is the difference between these

classes of planets? For our purpose a sub-Neptune is any planet whose radius cannot be ex-

plained by a bare rock/iron model, i.e., it must have some sort of large optically-thick H/He or

water envelope. Super-Earth on the other hand implies a moreterrestrial planet, one that may

have a solid or liquid surface and where the atmosphere, if any, contributes a negligible fraction

to the planet’s size. Although this may seem like semantics,one of the long-term goals of ex-

oplanet science is to search for biomarkers in the transmission spectra of potentially habitable

super-Earths. Whether or not a planet has a large H/He envelope tens of kbar deep has very

important implications for habitability.

The current definition used by theKeplermission is that planets 1.5-2.0R⊕ are super-

Earths, while planets 2.0-4.0R⊕, are sub-Neptunes. These round numbers however, do not

quite correspond to our more physically motivated definition of whether or not a planet has a

thick envelope. Figure 4.9 plots the minimum H/He envelope fractions required by our models

vs. planet mass for several different radii in the 1.5-2.5R⊕ super-Earth/sub-Neptune transition

region.

It is quite difficult to construct a 2.0R⊕ planet that does not have some sort of thick

envelope. Assuming an Earth-like interior, such planets would have to be 16.5M⊕, to explain

their size without any type of envelope. For a completely iron-free interior, it is possible to

construct a 2.0R⊕ that is only 11M⊕. However, completely iron-free is probably not a realistic
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Figure 4.9 H/He envelope fraction vs. planet mass for super-Earth and sub-Neptune sized plan-

ets. Curves are color-coded according to planet radius ranging from 1.5-2.5R⊕. Here we

assume water-free sub-Neptunes with H/He envelopes atop Earth-like rocky cores.
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composition for planets of several earth masses. Indeed both Kepler-10b and CoRoT-7b, may

be slightly enhanced in iron compared to the Earth (Batalhaet al., 2011; Hatzeset al., 2011).

This stands in contrast to the observed sample of likely rocky planets all of which

are<10 M⊕. It is possible that more massive rocky planets are yet to be found, however, the

Kepleris essentially complete for 2.0R⊕ within 100 days (Petiguraet al., 2013b). For follow-up

RV and TTV mass measurements to have missed a population of<10 M⊕ rocky planets, they

would need to somehow be biased against more massive and therefore easier to detect planets.

Moreover, there are basic arguments in core-accretion theory that lead us to expect that there

should not be∼20 M⊕ rocky planets. By the time a planet is∼10 M⊕, its gravity should be

sufficiently strong that it should be able to accrete a substantial H/He envelope from the disk

(Ikoma and Hori, 2012), and for periods&10 days be able to retain it against photo-evaporation

(Chapter 3).

On the other hand, if we assume a more typical low-mass planetwith a 5M⊕ Earth-

like core, then to be 2.0R⊕ it would need 0.5% of its mass in a H/He envelope. This may not

sound like much, but it corresponds to∼20 kbars of hydrogen and helium,∼ 20× higher than

the pressure at the bottom of the Marianias Trench. Moreover, the temperature at the bottom

of such an envelope would be&3000 K, even for ages of several Gyr. We believe that such a

planet is more properly classified as a sub-Neptune. As a result, 2.0 R⊕ is more of a quite hard

upper limit for the size of a envelope-free super-Earth and most of the planets between∼ 1.75

and 2.0R⊕ are likely to be H/He rich sub-Neptunes.

If 2.0 R⊕ is really the hard upper limit for the super-Earth/sub-Neptune transition,

then what is the lower limit? As shown in Figure 4.9, for planets.1.5R⊕ it is entirely possible
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to explain their radii without any H/He. Moreover if such planets do have any H/He, then it must

be.0.1% of their mass, even if we assume a maximally iron-rich core. This is small enough

of envelope that the rock/iron core dominates the planet’s size. Moreover, as shown in Chapter

3 and Owen and Wu (2013), such tenuous envelopes are quite-vulnerable to being completely

photo-evaporated, at least at period.100 days. This does not exclude the possibility that 1.5

R⊕ cannot have large water envelopes, but it does suggest that they are unlikely to have large

H/He envelopes.

To summarize, we can say that 2.0R⊕ is likely a hard upper limit for the maximum

size of envelope-free rocky super-Earths and 1.5R⊕ is likely a lower limit for the minimum size

of a H/He rich sub-Neptune. As a result, we suggest using∼1.75R⊕ rather than 2.0R⊕ for the

dividing line between these classes of planets.

4.6 Discussion

In Sections 4.3 and 4.4, we showed that planetary radius is tofirst order a proxy for

a planet’s envelope fraction above∼2 R⊕. This means that the observed radius occurrence

distribution forKeplercandidates found by Fressinet al. (2013) and Petiguraet al. (2013b) is

in reality anenvelope fractionoccurrence distribution for close-in planets at several Gyr. In

particular, Fressinet al. (2013) and Petiguraet al. (2013b) found that there is a sharp, roughly

power-law like drop off in the frequency of planet occurrence above∼3 R⊕, while below this

there is a plateau in the planet occurrence rate down to at least 1R⊕.
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Figure 4.10 An updated version of the photo-evaporation threshold diagram from Lopezet al.

(2012) and Lissaueret al. (2013). Integrated extreme UV heating received by a planet over

its lifetime vs. current planetary binding energy for all transiting planets with well determined

masses≤100M⊕, listed in Table A.2. Points are color-coded by their H/He envelope fractions,

with rust-colored open circles indicating rocky planets. For comparison, the dashed line is

the expected evaporation threshold from the coupled thermal evolution and photo-evaporation

models of Lopezet al. (2012). There are no planets with significant H/He envelopeswell

above this threshold, indicating that the population of low-mass 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 traditional core accretion theory. The

timescale for planetesimal collisions to form rocky planets is short compared to the typical life-

time of a disk and such planetesimals are preferentially concentrated deep in the star’s potential

well, so nature easily makes large populations of irradiated rocky planets (Chiang and Laughlin,

2013; Hansen and Murray, 2013).

At larger sizes, planets are limited by their ability to accrete a H/He envelope from

the disk before the disk dissipates (Bodenheimeret al., 2000; Ikoma and Hori, 2012; Mordasini

et al., 2012). In these models the accretion of the envelope is limited by the ability of the

proto-planetary envelope to cool and contract. This makes it difficult to accrete larger initial

H/He envelopes, particularly if theKeplerpopulation formed in situ (Ikoma and Hori, 2012).

It easier to form large planets further out, particularly beyond the snow-line where the increase

in the local solid mass makes it easier to trigger runaway accretion to make a gas-giant. The

relative scarcity of hot Jupiters found by Fressinet al. (2013) and Petiguraet al. (2013b), is an

indication that whatever migration mechanism brings in gasgiants to orbits.100 days must be

fairly rare.

One key puzzle, however, is the location of the break in the planet occurrence rate

distribution. If it were due to a transition from a large rocky population to a sub-Neptune

population, with planet occurrence declining with increasing envelope fraction, then one would

expect the break to occur at∼1.5-1.8R⊕, which we have concluded is likely the maximum

size for bare rocky planets. Instead the break occurs at 2.8R⊕, indicating that the occurrence
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plateau must include many volatile rich planets. Although 2.8 R⊕ is far too large for bare rocky

planets, it is achievable for H/He free water-worlds. A 10M⊕ planet with 80% of its mass in

a water envelope would be∼2.7 R⊕. As a result, it is at least possible that the break in the

planet occurence distribution is a transition from an abundant population of rockyand water

rich planets to a population with accreted H/He envelopes. Otherwise, models must explain

why plateau should include a substantial population of planets with∼1-3% of their mass in

H/He envelopes before dropping off at larger envelope fractions.

One potential explanation is that perhaps the∼2-3 R⊕ planets have hydrogen en-

velopes that were outgassed instead of accreted directly from the nebula. Elkins-Tanton and

Seager (2008) showed that low-mass planets can outgas up to∼5% of their mass after forma-

tion in H2. However, this was only the case if the planets interiors were initially very wet, with

∼ half the mass of their initial mantles in water. This again requires 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 radius distribution may tell

us the envelope fraction distribution ofKepler candidates today, this is not the same as the

initial distribution the planets formed with. As shown in Chapter 2, Chapter 3, and Owen

and Wu (2013) the observedKeplerpopulation has likely been significantly sculpted by photo-

evaporation. Close-in low-mass planets have likely lost a significant fraction of their initial

H/He inventories, resulting in smaller radii today. Furthermore, less irradiated planets should

be able to accrete larger initial H/He envelopes in the first place (Ikoma and Hori, 2012). As
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more quarters of data are analyzed and the occurrence distribution pushes out to longer periods

there should be a distinct increase in the abundance of Neptune and sub-Neptune sized planets.

Figure 4.10 shows an updated version of the photo-evaporation threshold diagram

from Lopezet al. (2012) and Lissaueret al. (2013). This diagram compares the heating that a

given planet receives from photo-ionizing radiation to theplanet’s current gravitational binding

energyGM2/R. This type of diagram was first proposed by Lecavelier Des Etangs (2007) for

studying the effect of evaporation from hot-Jupiters and has since become a standard diagnostic

tool for understanding the importance of evaporation (e.g., Lopezet al., 2012; Jacksonet al.,

2012; Owen and Jackson, 2012; Lissaueret al., 2013; Zahnle and Catling, 2013). For each

planet, we compute the integrated extreme UV flux that a planet receives at its semi-major axis

from when it was 10 Myr old until now. To estimate the XUV output of from the star at ages

> 100 Myr we use the empirical scaling-lawFXUV = 29.7(age/Gyr)−1.23(a/AU)−2 ergs−1 cm−2

from Ribaset al. (2005); at earlier ages we assume that the XUV irradiation saturates is in

Lopezet al. (2012) based on x-ray observations from Jacksonet al. (2012). We then multiply

this integrated XUV flux by the planet’s current cross-section πR2
p.

In order to compare to a more detailed model, we include the expected evaporation

threshold predicted by our coupled thermal evolution and evaporation model from Lopezet al.

(2012). This accounts for changes in the planet’s size over its lifetime due to both thermal

evolution and evaporation. This model is defined by a photo-evaporation efficiencyǫ, i.e., the

fraction of the incident XUV flux that is converted into useful work to remove mass. That this

threshold lies so close to the one-to-one line is a coincidence, the 10% evaporation efficiency is

conter balanced by the fact that planets were 2-3 times larger when the were young and most
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evaporation was taking place (Lopezet al., 2012).

Figure 4.10 shows that the population of highly-irradiatedlow-mass planets have

likely had their H/He envelope fractions, and therefore their radii, significantly sculpted by

photo-evaporation. It is worth noting that since we first published a version of this diagram in

(Lopezet al., 2012), the sample size has nearly doubled including the discovery of extremely

low-density planets like Kepler-79d (Jontof-Hutteret al., 2013). Nonetheless, there are still no

observed transiting planets with substantial H/He envelopes that lie above the predicted evapo-

ration threshold. Of the planets that do lie above the threshold two, Kepler-10b and Kepler-78b,

are likely rocky (Howardet al., 2013; Pepeet al., 2013), and the third, 55 Cancri e, likely has

steam envelope (Gillonet al., 2012). All three of these planets, and many of the Earth-sizedKe-

pler candidates, are consistent with being the evaporated remnants of sub-Neptunes that initially

had H/He envelopes.

Consequently, hoto-evaporation has important implications for current efforts to mea-

sure eta-Earth (e.g., Petiguraet al., 2013a), the frequency of Earth sized planets in the habit-

able zones of Sun-like stars. TheKepler survey is highly incomplete for Earth-sized planets

on orbital periods longer than∼200 days (e.g., Petiguraet al., 2013b,a). If most of Kepler’s

short-period Earth-sized candidates are in fact the photo-evaporated remnants of former sub-

Neptunes, then current efforts to extrapolate the frequency of these candidates to longer orbital

periods, where evaporation becomes much less effective (Owen and Jackson, 2012), will sig-

nificantly overestimate the frequency of Earth-sized planets.

Another potential effect of photo-evaporation is the opening up of an “evaporation

valley” in the radius-flux distribution (Lopez and Fortney,2013a; Owen and Wu, 2013). Photo-
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evaporation makes it less likely that planets will survive with envelopes.1% of their mass if

they are on highly irradiated orbits. Planets will tend to either retain more substantial envelopes,

or lose them entirely. More work needs to be done to carefullysearch for such a deficit, however

there are some preliminary indications that it may exist. Both the raw candidate distribution

(Owen and Wu, 2013), and a well-studied sample of M-dwarfs (Morton and Swift, 2013), appear

to show a slight dip in the frequency of planets at∼2 R⊕. Such hints are still preliminary, but

if real this has important implications for constraining the envelope fractions of theKepler

population, since any large variation in the water fractionof close-in planets will tend to erase

such a feature (Chapter 3). Using the models presented here,it is possible to instead study

theKeplerenvelope fraction distribution, which should aid in detecting any such “evaporation

valley.”

4.7 Chapter Summary

One of the key strengths of the thermal evolution models usedhere is that they allow

us to predict the radius of a planet as a function of mostly observable parameters; namely, planet

mass, incident flux, age, and envelope fraction. For Neptuneand sub-Neptune size planets, we

showed in section 4.3, that the effect of varying planet massor incident flux on the radius is an

order of magnitude smaller than the effect of varying the fraction of a planet’s mass in a H/He

envelope. In section 4.3.2, we described how this flatness iniso-composition mass-radius curves

arises as a natural result of our thermal evolution models. As a result of these features, planetary

radius is to first order a proxy for the H/He inventory of sub-Neptune and larger planets, almost
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independent of their mass. In section 4.4 we showed the closeconnection between radius and

envelope fraction for the observed population of transiting planets with measured masses. We

then demonstrated how our models allow us to recast the observed mass-radius distribution

as a mass-compositionrelationship, allowing a more direct comparison to models of planet

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 our models have been used

in a number of other studies for which I was a coauthor. Our thermal evolution models were

used to determine possible planetary compositions for the discovery of many ofKepler’s most

exciting multi-planet systems. This includes both the initial discovery (Lissaueret al., 2011a)

and subsequent follow-up (Lissaueret al., 2013) of the incredibly rich six-planet Kepler-11

system, which is explored in great detail in Chapter 2. Likewise, our models were used to

estimate H/He envelope fractions for the initial discoveryof the two-planet Kepler-36 system

(Carteret al., 2012), which is further explored in Chapter 3.

In addition to determining H/He envelope fractions for planets with measured masses
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and radii, it is also possible to use our models to rule out some compositions, even for planets

without measured masses. In the case of extremely small highly irradiated transiting planets,

we can use our photo-evaporation models to show that a planetcan not retain a H/He or steam

atmosphere for any possible mass. This technique was particularly useful in the discovery of

Kepler-37b, the first sub-Mercury sized extrasolar planet (Barclayet al., 2013). In Barclayet al.

(2013) we showed that even if Kepler-37b formed with the maximum possible steam envelope

given its radius, it would have lost that envelope in <10 Myr.By showing that the planet had

to have a rocky composition, we were also able to set a minimumplanetary mass of 0.01M⊕,

similar to the mass of our Moon. This minimum mass, combined with Kepler-37b’s 13 day

orbit, means that the planet is sufficiently massive to dynamically clear its orbit. Therefore

despite being smaller than any planet in our Solar System, Kepler-37b is not a dwarf planet but

instead the smallest known planet.

In addition to studies of individual systems, the grid of thermal evolution models

described in Chapter 4 have been made publicly available andhave been used by several authors

(e.g., Lugar et al. in prep, Masuda, 2014). In particular, these models have been used extensively

by my collaborator Angie Wolfgang to constrain the distribution of H/He envelope fractions

amongKepler candidates on short-period orbits (Wolfgang & Lopez in prep.). This project

takes advantage of the tight correlation between planet size and current H/He envelope fraction,

for planets >3R⊕, as discussed in Chapter 4. Using hierarchical Bayesian modeling, it is

possible to marginalize over the uncertain mass distribution and derive composition posteriors

for Keplercandidates, even without individual mass measurements. This is essential since the

vast majority ofKepler candidates will never have individual mass determinations. Most are
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in singly transiting systems around faint stars, making it impossible to determine masses from

either TTVs or the Radial Velocity. In particular, Wolfgang& Lopez (in prep) is focused on

determining the transition between purely rocky and volatile rich planets for a sample ofKepler

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-irradiated volatile-rich planets, a de-

tailed and reliable planetary evaporation model is needed.A key limitation of our current model

is the assumption of a fixed photo-evaporation efficiency. This is an often-used approximation

that parametrizes the fraction of the incident XUV energy that is converted into useful work

to remove mass from a planet. For super-Earth and sub-Neptune sized planets receiving∼10-

1000× more incident flux than the Earth, this efficiency should typically be∼10% (e.g., Ribas

et al., 2005; Sanz-Forcadaet al., 2011; Owen and Wu, 2013). Fortunately, this range of param-

eter space covers most of planets and candiates found byKepler, including those examined in

Chapters 2 and 3.

In reality, however, the photo-evaporative efficiency is set by the details of ionization

balance and XUV heating and cooling in a planet’s thermosphere. For highly irradiated planets

in the hydrodynamic limit, the evaporative wind begins at the XUV photosphere, the point at

which a planet’s upper atmosphere becomes optically thin tophoto-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 sonic point and ceases to be in causal contact with

the planet (e.g., Yelle, 2004; Murray-Clayet al., 2009; Owen and Jackson, 2012). However, in

between the XUV photosphere and the sonic point, much of the incident XUV energy gets re-

radiated into space due to recombination cooling and x-ray metal lines, particularly those of

carbon and oxygen (Owen and Jackson, 2012). It is this XUV radiative cooling that sets the

photo-evaporation efficiency. As a result, the evaporationefficiency should depend sensitively

on a planet’s level of irradiation, metallicity, and the scale-height in the evaporative wind.

For example, it is known that on extremely irradiated orbits(orbital periods∼3 days

or less), the efficiency should decrease significantly due toa sharp 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 due tothe decreasing scale height in the

planet’s upper atmosphere (Owen and Wu, 2013).

Thus far, most photo-evaporation models have either focused either on the early Solar

System or on large hot Jupiters with solar composition atmospheres. However, solar com-

position may be a poor approximation, since low-mass planets like sub-Neptunes may have

atmospheres that are highly enriched in astrophysical metals (Fortneyet al., 2013). Indeed, in

the Solar System the atmospheres of Uranus and Neptune are known to be∼100× more abun-

dant in carbon than in than the Sun (Fortneyet al., 2011b). Some planets, like 55 Cnc e and

Kepler-11b, may even have pure steam atmospheres (Lopezet al., 2012). The effects of such

metal-rich atmospheres on evaporation are not yet well understood. In general, the mass loss

efficiency should decrease in metal-rich atmospheres due toa decrease in scale height and an
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increase in cooling by carbon and oxygen (Owen and Jackson, 2012). 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 theymust somehow migrate

in to their current highly irradiated orbits. One possibility is that planets migrate in on circular

orbits due to torques raised in the proto-planetary disk (e.g., Ida and Lin, 2010; Mordasini

et al., 2009). Alternatively, planets may scatter onto highly eccentric orbits due to multi-planet

interactions (e.g., Wu and Lithwick, 2011).

Close-in planets on eccentric orbits will experience enormous tidal interactions with

their host stars (e.g., Jacksonet al., 2010). Over time this will cause a planet’s orbit to circu-

larize; however, in the process an enormous amount of heat, comparable to the planet’s binding

energy, can be deposited deep in a planet’s interior, significantly inflating a planet’s size (Jack-

sonet al., 2010). This increased radius will, in turn, translate intoa larger photo-evaporative

mass loss rate. Thus, if planets typically scatter in on eccentric orbits, then they should be sig-

nificantly more vulnerable to photo-evaporation than if they had migrated in on circular orbits.

Moreover, since the strength of tidal heating is a strong function of orbital period, tidal

heating should steepen the period dependence of the photo-evaporation threshold in Chapter

2. This means that we might be able to use the period dependence of photo-evaporation to

constrain the initial eccentricity distribution of theKepler candidates and therefore whether

they underwent planet-planet scattering.

Likewise, the tidal history of a planet will depend stronglyon its thermal evolution.
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At young ages, the rocky cores of sub-Neptunes will be fully molten due to the initial heat from

formation (Lopez and Fortney, 2013b; Henninget al., 2009). These initially molten cores will

have a low viscosity leading to long tidal evolution timescales and relatively little tidal heating

(Henninget al., 2009). Eventually, however, a sub-Neptune’s rocky core will cool enough for

the mantle to begin to solidify (Lopez and Fortney, 2013b; Henninget al., 2009). When this hap-

pens the mantle viscosity will increase by orders of magnitude, leading to rapid circularization

and much higher tidal heating rates (Henninget al., 2009). This tidal heating will in turn feed

back into the thermal evolution, delaying the solidification of the mantle. As result, there should

be continual feedback between the thermal, tidal, and evaporative evolution of short-period sub-

Neptunes. We plan on exploring these effects by coupling ourphoto-evaporation and thermal

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

5.3 Prospects and Challenges for the Future

Below we examine the future prospects for understanding thecompositions and ori-

gins of sub-Neptune and super-Earths. We discuss the role ofnew transiting planet discovery

missions likeK2, TESS, andPLATO. We examine the opportunities and pitfalls of characteriz-

ing exoplanet atmospheres with transmission spectroscopy. Finally, we examine the strength of

population studies and the possibility of combining our planet evolution models with statisti-

cally modeling (e.g., Wolfgang & Lopez in prep.). We re-examine the evaporation valley found

in Chapter 3, and discuss the resources that will be needed tofind and interpret this feature. In

particular, we discuss the need for more accurate stellar parameters for theKepler target stars
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and the need for a systematic determination the massdistribution 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 exoplanet survey missions are sched-

uled to be launched in order to build and expand upon the legacy of Kepler. These efforts may

begin later this year with the proposedK2 mission concept.K2 is a proposed extended mission

currently under NASA Senior Review that would re-purpose theKeplerspacecraft to perform a

new two to three year survey of stars near the ecliptic plane (Howell et al., 2014).

Next in 2017 NASA plans to launch theTransiting Exoplanet Survey Satellite(TESS),

an all-sky survey that will complete the census of hot sub-Neptune and larger planets around

nearby G & K dwarfs brighter than 12th magnitude (Deminget al., 2009; Rickeret al., 2010).

Unlike the originalKeplermission,TESSwill only monitor each field for∼30 days, focusing

on the discovery of nearby short-period planets, rather than on long-term planet monitoring

or on the statistics of planets in the habitable zone (Deminget al., 2009; Rickeret al., 2010).

However, becauseTESSis an all-sky survey it will cover∼ 400× the area ofKepler, enabling it

to find many more planets around nearby bright stars that can be characterized with both ground

and space-based follow-up observations (Deminget al., 2009; Rickeret al., 2010).

K2 meanwhile, represents an excellent middle-ground betweenthe primaryKepler

mission andTESS. By observe multiple∼100 sq. degree fields for 75 days each,K2 will find

smaller and longer period planets than TESS while still observing enough of the sky to provide

some candidates around bright stars suitable for follow-upobservations. Moreover, due to its
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balance between coverage area and depth of detectionK2 is particularly well-suited to finding

small short-period planets around M-dwarfs (Howellet al., 2014). Such planets are particularly

valuable because their frequent transits and favorable planet-to-star size ratios make it much

easier to obtain high quality transmission spectra (e.g., Miller-Ricci et al., 2009; Charbonneau

et al., 2009).

Finally, in 2024 ESA plans to launch thePlanetary Transits and Oscillations of stars

(PLATO) mission. With 34 separate small aperture refracting telescopes,PLATOwill have a

truly enormous field of view, observing 2232 sq. degrees per pointing (Raueret al., 2013). This

is over 20× larger than the originalKepler fieldand represent over 5% of the entire sky. Through

a combination of multi-year long pointings and “step-and-stare” short pointings,PLATOwill

observe over one million stars, with particular focus on finding small, potentially rocky plan-

ets around bright, magnitude 4-11, sun-like stars (Raueret al., 2013). Moreover,PLATOwill

observe its entire field on a 25-32 second candence (Raueret al., 2013), compared toKepler’s

∼30 minute cadence (Boruckiet al., 2010). Combined with the brightness of the target stars,

this means thatPLATOwill be able to obtain highly accurate stellar properties from asteroseis-

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

5.3.2 Observational Opportunities for Characterizing Atmospheres

One of the key limitations of the primaryKeplermission was that in order to obtain a

sufficiently large sample size it was forced to limit itself to observing a single field in the thick

disk of the galaxy (Boruckiet al., 2010). As a result, the target sample is almost entirely an

old stellar population, with very few stars.1 Gyr old (Huberet al., 2014). By performing all-
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sky or ecliptic plane surveys these future missions will include a much larger fraction of young

stars in the galactic plane or in nearby open clusters. This opens up the possibility of catching

young low-mass planets in the midst of undergoing catastrophic evaporation. Moreover, since

these planets will be around relatively bright, nearby targets it may be possible to characterize

evaporative outflows with instruments like HST CoS and STIS;something that has so far only

been possible for hot Jupiters (e.g., Lecavelier des Etangset al., 2004; Vidal-Madjaret al., 2003;

Ehrenreichet al., 2012).

These upcoming transit surveys will also provide a wealth ofnew targets for obtain-

ing high quality spectra of the atmospheres of low-mass exoplanets (Deminget al., 2009). As

discussed in Chapters 2 and 4, it is difficult to constrain thecompositions of sub-Neptunes by

measuring masses and radii due to degeneracies between the amounts of rock, iron, water, and

H/He in a planet’s interior. Although planetary radii can beused to constrain the fraction of

a planet’s mass in it’s H/He envelope (Chapter 4), mass and radius alone cannot constrain the

fraction of a planet’s mass in water or other volatile ices. Transmission and emission spec-

troscopy are excellent tools to break this degeneracy and help constrain the compositions of

exoplanetary atmospheres (e.g., Miller-Ricciet al., 2009). The depth of atmospheric absorption

features is primarily determined by the scale height and therefore the mean molecular weight

of the atmosphere (Miller-Ricciet al., 2009). As a result, spectroscopy is potentially an excel-

lent way to determine the composition of sub-Neptune atmospheres (Miller-Ricciet al., 2009;

Miller-Ricci and Fortney, 2010), which in turn provides constraints on the bulk compositions of

those planets.

High signal-to-noise transmission and emission spectra have historically been lim-
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ited to hot Jupiters (e.g., Charbonneauet al., 2002; Deminget al., 2005; Knutsonet al., 2008;

Stevensonet al., 2013). Recently, Wide Field Camera 3 (WFC3) on the Hubble Space Tele-

scope has significantly improved the quality and resolutionof these spectra (e.g., Deminget al.,

2013; Ranjanet al., 2014). Moreover, future instruments like the Near InfraRed Spectro-

graph(NIRSpec, Posseltet al., 2004) aboard the James Webb Space Telescope (Gardneret al.,

2006) promise the opportunity to achieve high S/N medium resolution spectra for even Earth-

sized exoplanets (Deminget al., 2009). Nonetheless, GJ 1214b (Charbonneauet al., 2009) and

HD 97658b (Dragomiret al., 2013b) are currently the only sub-Neptune sized planets with a

observed transmission spectra (e.g., Beanet al., 2011; Désertet al., 2011; Crollet al., 2011;

Bertaet al., 2012; Kreidberget al., 2014; Knutsonet al., 2014b). Rather than a lack of observ-

ing facilities, the field is currently limited by a lack of targets around sufficiently bright nearby

targets. Correcting this mismatch is one of the primary goals of upcoming surveys likeTESS

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

5.3.3 Challenges in Interpreting Spectra

Unfortunately, even with access to high quality atmospheric spectra, it can be difficult

to constrain atmospheric abundances. High altitude cloudsor photochemical hazes can com-

pletely flatten planetary transmission spectra, mimickingthe effects of high mean molecular

weight (e.g., Morleyet al., 2013; Fortneyet al., 2013; Knutsonet 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 observable region of a planet’s atmosphere (Fortney,

2005; Morleyet al., 2012, 2013). Likewise it is possible that complex organic hazes may form
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high up in many exoplanetary atmospheres due to UV photolysis of methane (e.g, Miller-Ricci

Kemptonet al., 2012b; Morleyet al., 2013). High altitude clouds or hazes must be present in

GJ 1214b (Miller-Ricci Kemptonet al., 2012b; Howe and Burrows, 2012; Morleyet al., 2013;

Bertaet al., 2012; Kreidberget al., 2014), where despite an enormous community effort it is not

possible to determine the atmospheric composition (Bertaet al., 2012; Kreidberget al., 2014).

Moreover, even in the absence of clouds, abundance retrieval from low-resolution

spectra or broadband photometry can be highly degenerate (e.g., Lineet al., 2012, 2014; Hansen

et al., 2014). In the near infrared CH4, NH3, CO, CO2, H2O can all be important and this

degeneracy is further complicated by the possibility of thermal inversions, non-Solar C/O ratios,

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

5.3.4 Harnessing The Power of Planet Population Studies

These challenges mean that for individual sub-Neptune planets, it will often be diffi-

cult or impossible to constrain their bulk water abundance and therefore their origin with either

atmospheric spectra or mass and radius measurements. Rather than simply examining systems

on an individual basis, this difficulty points to the importance of identifying diagnostic trends

in the overall population of low-mass exoplanets.

In Chapter 3 we identified one such key diagnostic trend. In Section 3.5.1 we dis-

cussed the predicted “evaporation valley” in which planetsshould be relatively rare between the

population of H/He rich sub-Neptunes, and the population ofstripped rocky super-Earths. This

occurrence valley corresponds to planets that have∼0.1-1% of their mass in a H/He envelope.

Although such tenuous envelopes are easily lost to photo-evaporation, they significantly in-
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crease a planet’s radius (Lopezet al., 2012; Lopez and Fortney, 2013a,b; Owen and Wu, 2013).

Consequently, planets should quickly shrink by∼0.5 Earth radii as they lose the last few kbars

of H/He from their envelopes (Lopez and Fortney, 2013a; Owenand Wu, 2013). However,

this evaporation valley will only occur if most close-in planets contain relatively little water. If

most hot Neptunes and sub-Neptunes form far from their current orbits, then water and other

volatile ices should dominate their mass (e.g., Rogerset al., 2011). Moreover, not all planets

will contain the same amount of water. This will produce a range of core radii, smearing out any

trends with radius and filling in the valley (Chapter 3). As a result, the depth of the evaporation

valley can be used to diagnose whether or not most Neptunes and sub-Neptunes form in situ. If

most Kepler planets form close to current orbits, then thereshould be a clear valley in the joint

radius-flux distribution. On the other hand, if most of theseplanets form beyond the snowline

then the valley should be filled in (Chapter 3).

In principle, it should be possible to directly fit for the depth of this evaporation valley

as a way to constrain the initial distribution of water fraction among theKeplersub-Neptunes

and super-Earths (Lopez and Fortney, 2013a; Owen and Wu, 2013). This could be done using

Bayesian statistical modeling tools similar to those used in Wolfgang & Lopez (in prep.), as

discussed above in Section 5.1. Although this would not tellus the composition and origin of

any individual planets, it could determine whether the population as whole primarily formed in

situ with little or no volatile ices or if they formed and migrated from beyond the snowlines.

In practice, however, there are a number of issues that make these sort of statistical

comparisons difficult. First and foremost is the need to correct the radius distribution ofKe-

pler candidates for selection effects and pipeline completeness (e.g., Petiguraet al., 2013b,a;
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Christiansenet al., 2013). Although some biases like the geometric probability of transit are

easy to correct for, others like the detection efficiency of the light-curve reduction pipeline are

extremely difficult to characterize and usually require injection studies on synthetic populations

(e.g., Petiguraet al., 2013b,a; Christiansenet al., 2013).

Likewise, it is critical that transiting surveys and their follow-up observations estab-

lish a precise, reliable, and homogeneous set of stellar parameters. Transiting planet measure-

ments only measure the size of a planet in relation to the sizeof its parent star. Given the close

relationship between planet radius and H/He envelope fraction (Chapter 4), the uncertainty

in stellar radius is typically the greatest source of uncertainty in deriving planetary composi-

tions (Chapter 4). Unfortunately, the initial stellar parameters from the Kepler Input Catalog

(KIC) included large uncertainties, typically&10% in stellar radius (e.g., Huberet al., 2014;

Batalhaet al., 2013b). Moreover these stellar classifications were sometimes unreliable and

contained systematic biases, particularly for later spectral types (e.g., Muirheadet al., 2012). In

some cases the KIC even confused low-mass M-Dwarfs with evolved red giants (e.g., Muirhead

et al., 2012; Huberet al., 2013). Fortunately, there is a large on going community effort to ob-

tain precise accurate stellar parameters for all the planet-hostingKeplerstars (e.g, Huberet al.,

2014). However, if we truly wish to understand the detectionefficiency then it is important to

obtain accurate stellar parameters for the entire target sample and not just those with detected

transits. This will be easier for future surveys likeTESSandPLATOsince their rapid cadence

and brighter target stars will make easier to obtain stellarparameters from stellar spectra and

asteroseismology (Deminget al., 2009; Rickeret al., 2010; Raueret 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 careful understanding of the

mass distribution of short-period sub-Neptune and super-Earth mass planets from radial-velocity

surveys. Without mass determinations it is possible to constrain the present-day H/He enve-

lope fractions of many planets (Wolfgang & Lopez in prep., Chapter 4). However, the photo-

evaporation history of a planet depends sensitively on the mass of its core (Chapter 3). There-

fore, if we wish to understand the original compositions of these planets after formation, it is

essential that we understand their mass distribution. In general, however, radial velocity sur-

veys have been optimized for maximizing the rate of individual planet discoveries rather than

in understanding the overall mass radius distribution (Marcy et al., 2014a,b).

Typically when a possible planet is first detected it is givenhigh priority until a reliable

mass is determined; meanwhile stars that fail to yield any planets are monitored less frequently.

Often this decision process is entirely subjective. This introduces strong selection biases that are

difficult to characterize and make it nearly impossible to determine the overall mass distribution

of radial velocity planets. There is a need for a careful systematic radial velocity survey of Sun-

like stars for relatively short period,.50 days, planets from∼2-20 M⊕. This survey would

need clear and reproducible target selection criteria, consistent monitoring of all targets, a well

characterized reduction pipeline, and to include non-detection and marginal detections as well

as confirmed planets.

Determining the nature and origin ofKepler’s sub-Neptunes and super-Earths will

require a large collaborative effort. We will need careful thermal and photo-evaporative evo-

lution models, combined with powerful statistical modeling and accurate and precise radius,

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

compositions and directly constrain the formation of this exciting new class of planets.
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Table A.1. Minimum Masses and Densities for Selected KOI Candidates

KOI KepMag P (day) Fp (F⊕) Rp (R⊕) Mp,min (M⊕) Kmin (m s−1)

70.01 12.50 10.85 80.3 3.09 3.9 1.21

70.02 12.50 3.69 343.5 1.92 3.9 1.75

85.01 11.02 5.85 403.4 2.35 5.8 1.83

94.02 12.21 10.42 209.9 3.43 7.4 1.92

104.01 12.90 2.50 233.4 3.36 7.5 4.08

105.01 12.87 8.98 130.3 3.35 5.6 1.94

107.01 12.70 7.25 301.7 3.09 7.6 2.29

110.01 12.66 9.94 220.5 2.92 5.9 1.62

115.02 12.79 7.12 409.1 1.88 4.2 1.29

180



Table A.1 (cont’d)

KOI KepMag P (day) Fp (F⊕) Rp (R⊕) Mp,min (M⊕) Kmin (m s−1)

117.02 12.49 4.90 436.9 1.70 3.7 1.25

122.01 12.35 11.52 108.8 2.78 3.9 1.06

123.01 12.37 6.48 461.4 2.64 7.4 2.46

124.01 12.94 12.69 227.8 3.00 6.3 1.65

246.01 10.00 5.39 404.8 2.53 6.5 2.27

257.01 10.87 6.88 308.6 2.61 5.9 1.80

262.02 10.42 9.37 491.8 2.79 8.3 2.20

277.01 11.87 16.23 177.4 3.82 8.0 1.91

280.01 11.07 11.87 154.9 2.52 4.0 1.16
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Table A.1 (cont’d)

KOI KepMag P (day) Fp (F⊕) Rp (R⊕) Mp,min (M⊕) Kmin (m s−1)

281.01 11.95 19.55 192.3 3.46 7.2 1.99

285.01 11.57 13.74 180.5 3.38 6.7 1.61

288.01 11.02 10.27 433.9 3.11 9.2 2.14

291.02 12.85 8.12 247.8 2.14 3.9 1.25

295.01 12.32 5.31 339.7 1.77 3.5 1.22

297.01 12.18 5.65 482.1 1.65 3.7 1.25

301.01 12.73 6.00 399.2 1.75 3.7 1.17

323.01 12.47 5.83 166.2 2.17 3.3 1.21

984.01 11.63 4.28 259.7 3.19 7.4 2.91
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Table A.1 (cont’d)

KOI KepMag P (day) Fp (F⊕) Rp (R⊕) Mp,min (M⊕) Kmin (m s−1)

987.01 12.55 3.17 404.8 1.28 2.3 1.03

1117.01 12.81 11.08 327.5 2.20 4.7 1.13

1220.01 12.99 6.40 441.4 1.95 4.6 1.52

1241.02 12.44 10.50 485.3 3.84 13.3 3.17

1597.01 12.68 7.79 423.6 2.67 7.2 1.86

1692.01 12.56 5.96 175.9 2.65 4.6 1.61

1781.01 12.23 7.83 61.3 3.29 3.7 1.38

1781.02 12.23 3.00 219.6 1.94 3.2 1.63

1921.01 12.82 16.00 172.9 3.09 5.7 1.28
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Table A.1 (cont’d)

KOI KepMag P (day) Fp (F⊕) Rp (R⊕) Mp,min (M⊕) Kmin (m s−1)

1929.01 12.73 9.69 251.7 2.00 3.6 1.11

2067.01 12.58 13.24 347.2 2.97 7.6 1.69

Note. — Minimum masses given by equation (2.7) for KOI candidates selected for

being promising targets for RV follow-up. In order to focus on promising candidates we

cut the sample to planets withKmin > 1.0ms−1 around stars with KepMag< 13. We only

included planets withFp < 500F⊕ andRp < 4 R⊕. This leaves us with 38 high-quality

targets, eight of which haveKmin > 2.0ms−1.
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Table A.2. Compositions for Transiting Planets with Measured Masses

Planet Name Mass (M⊕) Radius (R⊕) H/He Envelope Fraction

Kepler-78b 1.69±0.41
0.41 1.20±0.09

0.09 > 0.01%

Kepler-11b 1.90±1.40
1.00 1.80±0.03

0.05 0.51%±0.43%
1.35%

Kepler-11f 2.00±0.80
0.90 2.49±0.04

0.07 2.28%±1.20%
0.62%

Kepler-11c 2.90±2.90
1.60 2.87±0.05

0.06 6.10%±1.21%
0.99%

Kepler-79e 4.10±1.20
1.10 3.49±0.14

0.14 7.99%±1.05%
1.10%

Kepler-36b 4.46±0.30
0.30 1.48±0.03

0.03 > 0.04%

Kepler-10b 4.51±1.24
1.24 1.41±0.03

0.03 > 0.01%

Kepler-79c 5.90±1.90
2.30 3.72±0.08

0.08 8.85%±0.70%
0.91%

Kepler-79d 6.00±2.10
1.60 7.16±0.13

0.16 36.7%±3.56%
3.43%
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Table A.2 (cont’d)

Planet Name Mass (M⊕) Radius (R⊕) H/He Envelope Fraction

Kepler-87c 6.40±3.20
3.20 6.15±0.09

0.09 34.5%±2.24%
2.49%

GJ1214b 6.46±0.99
0.99 2.67±0.12

0.12 3.83%±1.30%
7.13%

Kepler-18b 6.87±3.48
3.48 2.00±0.09

0.09 0.31%±0.76%
0.67%

Kepler-11d 7.30±0.80
1.50 3.12±0.06

0.07 4.57%±1.04%
1.00%

CoRoT-7b 7.42±1.21
1.21 1.67±0.09

0.09 > 0.03%

Kepler-68b 7.59±2.06
2.06 2.30±0.05

0.08 0.35%±0.38%
0.82%

Kepler-68b 7.60±2.10
2.10 2.30±0.06

0.09 0.76%±0.31%
0.39%

HD 97658b 7.86±0.73
0.73 2.34±0.18

0.15 0.99%±1.01%
1.80%

Kepler-11e 8.00±1.50
2.10 4.19±0.07

0.09 15.0%±1.70%
1.65%
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Table A.2 (cont’d)

Planet Name Mass (M⊕) Radius (R⊕) H/He Envelope Fraction

Kepler-36c 8.10±0.53
0.53 3.67±0.05

0.05 7.80%±1.07%
1.03%

55 Cnc e 8.32±0.39
0.39 1.99±0.08

0.08 0.14%±0.21%
0.37%

Kepler-20b 8.45±2.12
2.12 1.90±0.11

0.20 > 0.28%

Kepler-79b 10.9±7.40
6.00 3.47±0.07

0.07 6.56%±0.74%
0.98%

GJ3470b 13.9±1.63
1.63 4.19±0.59

0.59 12.8%±5.15%
5.00%

Kepler-20c 15.7±3.31
3.31 3.06±0.19

0.30 3.45%±1.47%
5.38%

Kepler-18d 16.3±1.39
1.39 6.97±0.32

0.32 37.5%±3.54%
3.67%

Kepler-18c 17.2±1.90
1.90 5.48±0.25

0.25 23.6%±2.72%
3.09%

HAT-P-26b 18.6±2.28
2.28 6.33±0.58

0.58 31.7%±6.20%
6.04%
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Table A.2 (cont’d)

Planet Name Mass (M⊕) Radius (R⊕) H/He Envelope Fraction

GJ436b 23.0±1.01
1.01 4.22±0.09

0.10 12.0%±1.20%
2.12%

Kepler-4b 24.5±4.07
4.07 4.00±0.21

0.21 7.70%±1.64%
2.18%

HAT-P-11b 26.2±2.86
2.86 4.73±0.15

0.15 15.1%±1.68%
2.57%

WASP-77Ab 37.9±6.88
6.88 13.5±0.22

0.22 100.%±0.00%
0.00%

Kepler-35b 40.3±6.35
6.35 8.16±0.15

0.15 47.0%±1.96%
2.96%

Kepler-9c 53.5±5.52
5.52 9.22±0.75

0.75 64.9%±9.08%
9.11%

HAT-P-18b 62.6±4.25
4.25 11.1±0.58

0.58 87.1%±13.3%
7.12%

HAT-P-12b 66.9±4.19
4.19 10.7±0.32

0.23 80.3%±4.01%
3.53%

CoRoT-8b 68.6±10.8
10.8 6.38±0.22

0.22 28.6%±2.63%
6.24%

188



Table A.2 (cont’d)

Planet Name Mass (M⊕) Radius (R⊕) H/He Envelope Fraction

Kepler-34b 69.9±3.49
3.17 8.56±0.15

0.13 53.2%±1.90%
4.09%

WASP-29b 77.2±6.39
6.39 8.87±0.62

0.39 60.0%±7.57%
6.07%

Kepler-9b 79.0±6.67
6.67 9.43±0.77

0.77 62.5%±8.58%
9.51%

HAT-P-38b 85.0±6.42
6.42 9.24±1.03

0.70 62.8%±11.9%
9.35%

WASP-39b 90.3±9.97
9.97 14.2±0.44

0.44 100.%±0.00%
0.00%

HAT-P-19b 92.8±5.58
5.58 12.6±0.80

0.80 100.%±0.00%
0.00%

WASP-21b 95.4±4.25
4.25 11.9±0.67

0.67 100.%±0.00%
16.6%
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Table A.2 (cont’d)

Planet Name Mass (M⊕) Radius (R⊕) H/He Envelope Fraction

Note. — Confirmed planets with well determined masses less than 100

M⊕ from exoplanets.org (Wrightet al., 2011). Here we list each planets

name, mass, radius, and the fraction of its mass in a H/He envelope accord-

ing to our thermal evolution models. Planets with upper limits correspond

to potentially rocky planets.
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Table A.3. Low Mass Planet Radii at 100 Myr, Solar Metallicity

Flux (F⊕) Mass (M⊕) 0.1% 0.2% 0.5% 1% 2% 5% 10% 20%

0.1 1 1.21 1.32 1.65 2.17 2.75 4.32 6.81 11.7

0.1 1.5 1.30 1.40 1.71 2.15 2.65 3.97 6.18 10.6

0.1 2.4 1.42 1.53 1.79 2.17 2.58 3.66 5.36 9.05

0.1 3.6 1.54 1.64 1.89 2.21 2.56 3.49 4.93 7.86

0.1 5.5 1.69 1.79 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 2.11 2.30 2.52 2.78 3.41 4.29 5.94

0.1 20 2.20 2.29 2.47 2.67 2.93 3.52 4.32 5.75

10 1 1.31 1.44 1.82 2.40 3.06 4.72 7.13 11.1
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Table A.3 (cont’d)

Flux (F⊕) Mass (M⊕) 0.1% 0.2% 0.5% 1% 2% 5% 10% 20%

10 1.5 1.38 1.50 1.84 2.32 2.88 4.31 6.47 10.4

10 2.4 1.50 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 2.55 2.82 3.46 4.35 5.96

10 20 2.23 2.31 2.49 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 (F⊕) Mass (M⊕) 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 8.59 15.4

1000 3.6 1.87 1.99 2.34 2.81 3.36 4.82 7.27 13.4

1000 5.5 1.96 2.08 2.37 2.76 3.22 4.39 6.25 10.3

1000 8.5 2.08 2.19 2.50 2.76 3.15 4.12 5.56 8.48

1000 13 2.21 2.31 2.58 2.81 3.16 3.99 5.18 7.43

1000 20 2.35 2.45 2.68 2.90 3.21 3.94 4.97 6.80

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

relative to the solar constant. Column 2 is the total planet mass inM⊕. Oth-

erwise, column headers indicate the fraction of a planet’s mass in the H/He

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

Flux (F⊕) Mass (M⊕) 0.1% 0.2% 0.5% 1% 2% 5% 10% 20%

0.1 1 1.15 1.28 1.55 1.79 2.13 2.98 4.26 6.74

0.1 1.5 1.26 1.38 1.62 1.82 2.13 2.87 3.96 6.10

0.1 2.4 1.39 1.52 1.72 1.90 2.16 2.81 3.75 5.52

0.1 3.6 1.52 1.65 1.82 1.99 2.23 2.81 3.65 5.21

0.1 5.5 1.67 1.79 1.95 2.11 2.34 2.87 3.62 5.00

0.1 8.5 1.83 1.94 2.10 2.25 2.47 2.97 3.67 4.91

0.1 13 2.00 2.11 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 1.47 1.81 2.12 2.58 3.63 5.07 7.45
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Table A.4 (cont’d)

Flux (F⊕) Mass (M⊕) 0.1% 0.2% 0.5% 1% 2% 5% 10% 20%

10 1.5 1.36 1.52 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 1.59 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 2.15 2.29 2.44 2.67 3.18 3.86 5.02

10 20 2.22 2.32 2.45 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 (F⊕) Mass (M⊕) 0.1% 0.2% 0.5% 1% 2% 5% 10% 20%

1000 2.4 1.82 1.93 2.21 2.50 2.91 3.93 5.50 8.76

1000 3.6 1.87 1.99 2.24 2.50 2.87 3.77 5.11 7.86

1000 5.5 1.94 2.10 2.30 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 2.45 2.61 2.78 3.04 3.65 4.47 5.85

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

relative to the solar constant. Column 2 is the total planet mass inM⊕. Oth-

erwise, column headers indicate the fraction of a planet’s mass in the H/He

envelope.

196



Table A.5. Low Mass Planet Radii at 10 Gyr, Solar Metallicity

Flux (F⊕) Mass (M⊕) 0.1% 0.2% 0.5% 1% 2% 5% 10% 20%

0.1 1 1.17 1.22 1.37 1.53 1.75 2.25 2.94 4.14

0.1 1.5 1.27 1.31 1.45 1.60 1.81 2.28 2.93 4.05

0.1 2.4 1.40 1.45 1.58 1.71 1.90 2.35 2.95 3.98

0.1 3.6 1.53 1.58 1.70 1.82 2.01 2.44 3.01 3.97

0.1 5.5 1.67 1.75 1.84 1.96 2.15 2.56 3.11 4.03

0.1 8.5 1.84 1.91 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 1.31 1.44 1.68 1.87 2.17 2.84 3.70 5.11
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Table A.5 (cont’d)

Flux (F⊕) Mass (M⊕) 0.1% 0.2% 0.5% 1% 2% 5% 10% 20%

10 1.5 1.40 1.49 1.72 1.90 2.19 2.83 3.66 5.03

10 2.4 1.51 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 3.58 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 2.43 2.56 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 1.99 2.08 2.17 2.33 2.91 3.76 5.36

198



Table A.5 (cont’d)

Flux (F⊕) Mass (M⊕) 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 2.10 2.21 2.38 2.64 3.26 4.08 5.49

1000 8.5 2.12 2.19 2.31 2.48 2.73 3.31 4.10 5.44

1000 13 2.23 2.34 2.43 2.59 2.83 3.38 4.13 5.40

1000 20 2.36 2.47 2.57 2.72 2.95 3.49 4.20 5.38

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

relative to the solar constant. Column 2 is the total planet mass inM⊕. Oth-

erwise, column headers indicate the fraction of a planet’s mass in the H/He

envelope.
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Table A.6. Low Mass Planet Radii at 100 Myr, Enhanced Opacity

Flux (F⊕) Mass (M⊕) 0.1% 0.2% 0.5% 1% 2% 5% 10% 20%

0.1 1 1.24 1.43 1.89 2.57 3.00 4.32 6.81 11.7

0.1 1.5 1.31 1.47 1.93 2.58 3.17 3.97 6.18 10.6

0.1 2.4 1.44 1.60 2.14 2.51 3.11 4.30 5.36 9.05

0.1 3.6 1.57 1.71 2.18 2.51 3.02 4.31 5.57 7.86

0.1 5.5 1.72 1.84 2.23 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 2.58 2.79 3.10 3.82 4.82 6.68

10 1 1.35 1.53 2.05 2.79 3.12 4.72 7.13 11.1
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Table A.6 (cont’d)

Flux (F⊕) Mass (M⊕) 0.1% 0.2% 0.5% 1% 2% 5% 10% 20%

10 1.5 1.41 1.58 2.07 2.80 3.41 4.31 6.47 10.4

10 2.4 1.51 1.68 2.25 2.67 3.32 4.50 5.67 9.14

10 3.6 1.64 1.77 2.26 2.62 3.17 4.55 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 4.01 5.50 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 1.90 2.46 3.25 3.84 6.01 9.41 14.0
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Table A.6 (cont’d)

Flux (F⊕) Mass (M⊕) 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 8.59 15.4

1000 3.6 1.87 2.02 2.57 3.01 3.67 5.23 7.27 13.4

1000 5.5 1.96 2.10 2.54 2.90 3.46 4.89 6.68 10.3

1000 8.5 2.08 2.21 2.56 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, inR⊕. Column 1 is incident flux on the planet,

relative to the solar constant. Column 2 is the total planet mass inM⊕. Oth-

erwise, column headers indicate the fraction of a planet’s mass in the H/He

envelope.
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Table A.7. Low Mass Planet Radii at 1 Gyr, Enhanced Opacity

Flux (F⊕) Mass (M⊕) 0.1% 0.2% 0.5% 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 1.5 1.26 1.45 1.74 1.99 2.38 3.27 3.96 6.10

0.1 2.4 1.39 1.60 1.82 2.05 2.38 3.22 4.23 5.52

0.1 3.6 1.52 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 1.99 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 5.58

0.1 20 2.21 2.32 2.46 2.62 2.86 3.42 4.17 5.56

10 1 1.27 1.50 1.84 2.20 2.72 3.63 5.07 7.45
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Table A.7 (cont’d)

Flux (F⊕) Mass (M⊕) 0.1% 0.2% 0.5% 1% 2% 5% 10% 20%

10 1.5 1.36 1.56 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 4.52 6.24

10 3.6 1.59 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 2.20 2.37 2.64 3.31 4.27 5.99

10 13 2.05 2.18 2.34 2.50 2.76 3.37 4.24 5.76

10 20 2.24 2.36 2.49 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 2.59 3.10 4.14 5.91 9.34
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Table A.7 (cont’d)

Flux (F⊕) Mass (M⊕) 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 5.50 8.76

1000 3.6 1.87 2.02 2.27 2.54 2.96 3.94 5.34 7.86

1000 5.5 1.94 2.11 2.32 2.54 2.90 3.80 5.05 7.13

1000 8.5 2.05 2.21 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 2.46 2.61 2.78 3.06 3.70 4.57 6.14

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

relative to the solar constant. Column 2 is the total planet mass inM⊕. Oth-

erwise, column headers indicate the fraction of a planet’s mass in the H/He

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

Flux (F⊕) Mass (M⊕) 0.1% 0.2% 0.5% 1% 2% 5% 10% 20%

0.1 1 1.17 1.24 1.37 1.53 1.75 2.32 2.97 4.14

0.1 1.5 1.27 1.34 1.46 1.61 1.82 2.33 3.04 4.05

0.1 2.4 1.40 1.47 1.57 1.71 1.92 2.40 3.07 4.13

0.1 3.6 1.53 1.59 1.70 1.83 2.01 2.49 3.12 4.23

0.1 5.5 1.67 1.76 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 1.39 1.55 1.75 2.02 2.72 3.70 5.11
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Table A.8 (cont’d)

Flux (F⊕) Mass (M⊕) 0.1% 0.2% 0.5% 1% 2% 5% 10% 20%

10 1.5 1.40 1.48 1.62 1.79 2.05 2.66 3.57 5.03

10 2.4 1.51 1.58 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 4.61

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 2.23 2.36 2.56 3.02 3.63 4.70

10 20 2.23 2.31 2.41 2.54 2.74 3.21 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 1.99 2.05 2.15 2.28 2.83 3.72 5.36
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Table A.8 (cont’d)

Flux (F⊕) Mass (M⊕) 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 2.09 2.18 2.42 3.10 3.97 5.48

1000 5.5 2.04 2.09 2.15 2.31 2.54 3.14 4.01 5.47

1000 8.5 2.12 2.15 2.28 2.43 2.67 3.21 4.01 5.40

1000 13 2.23 2.28 2.40 2.55 2.79 3.33 4.05 5.35

1000 20 2.36 2.45 2.55 2.69 2.92 3.45 4.15 5.32

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

relative to the solar constant. Column 2 is the total planet mass inM⊕. Oth-

erwise, column headers indicate the fraction of a planet’s mass in the H/He

envelope.
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