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Abstract

After centuries of studying the eight planets in our solar system, recent improvements
in technology have given us the unprecedented opportunity to detect planets orbiting
stars other than the sun, so-called exoplancts. Recent statistical studies based on 800
confirmed planets and more than 3000 planet candidates suggest that our galaxy is
teeming with billions of planets. Many of them are likely to orbit their host stars at a
distance where liquid water and potentially life can exist. Spectroscopic observations
of exoplanets can provide us with information about the atmospheres and conditions
on these distant worlds.

This thesis presents a Bayesian retrieval framework to analyze spectroscopic ob-
servations of exoplanets to infer the planet’s atmospheric compositions, the surface
pressures, and the presences of clouds or hazes. I identify what can unambiguously
be determined about the atmospheres of exoplanets by applying the retrieval method
to sets of synthetic observations. The main finding is that a unique constraint of the
atmospheric mixing ratios of all infrared absorbing gases and up to two spectrally
inactive gases is possible if the spectral coverage of the observations is sufficient to
(1) determine the broadband transit depths in at least one absorption feature for
each absorbing gas and (2) measure the slope and strength of the molecular Rayleigh
scattering signature.

For the newly discovered class of low-density super-Earths, with radii and masses
intermediate between Earth and Neptune, I present an observational approach to
distinguish whether these planets more closely resemble the giant planets in our solar
system or whether they represent a completely new, potentially water vapor-rich
type of planet. The approach discussed in this work represents the science case for
the largest Hubble Space Telescope program ever awarded for a single exoplanet.

The numerical methods and the conceptual understanding of atmospheric spectra
presented in this thesis are key for the design of future space telescopes dedicated to
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the characterization of transiting exoplanets. I present an integrated design evaluation
framework for the proposed Exoplanet Characterization Observatory (EChO) that
simultaneously models the astrophysical signal and the telescope’s payload module.
I demonstrate that costly cryogenic cooling to observe the mid-infrared spectrum
beyond ~ 11 um is not required while visible light observations down to ~ 400 nm
are essential for the mission success.

The observational study of exoplanet atmospheres is in its infancy and its pace is
poised to accelerate as observational techniques are improved and dedicated space mis-
sions are designed. The methods developed in this thesis will contribute to constrain-
ing the atmospheric properties of a wide variety of planets ranging from blazingly-hot
gas giants to temperate Earth-like planets.

Thesis Supervisor: Sara Seager
Title: Professor of Planetary Science, Professor of Physics
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Chapter 1
Introduction

In the two decades since the first detection of the first exoplanet, dedicated surveys
have detected the existence of more than 800 confirmed planets and more than 3000
planet candidates. Recent statistical studies based on these planets suggest that there
must be billions of planets in our galaxy alone. Millions of these planets are suggested
to orbit their host stars in what is called the habitable zone, a region where the heat
received from the host star is just right to allow the presence of liquid water and a
temperate climate similar to that on our own planet, Earth.

Modern astronomical facilities enable us to remotely probe the physical and chem-
ical conditions in the atmospheres of exoplanets, despite their inconceivable distance
to Earth. By observing the spectral intensity of light transmitted through or emitted
or reflected by the atmosphere, we are able to infer the gas composition and the phys-
ical conditions in the atmospheres of distant exoplanets. The studies of exoplanets
give us the unprecedented opportunity to put our solar system, including the forma-
tion and characteristics of our Earth and our own existence, into the larger context
of the universe. Ultimately, one of the goals of exoplanet characterization is to search
for atmospheric biosignatures to answer the ancient question “Are we alone?”.

This thesis is devoted to developing the necessary tools to infer the conditions
on distant exoplanets in a statistically robust manncr and to guide the design of
dedicated space telescopes. I provide a conceptual understanding of the information

that can be provided by spectroscopic observations of planets, identify how to best
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characterize a new type of planets called super-Earths, and provide recommendations

for the design of a proposed dedicated space mission for exoplanet exploration.

1.1 Background

1.1.1 Basic Ingredients of Planet Formation

Solar System exploration and astronomical observations of stars and the interstellar
medium have provided us with empirical evidence about the “raw materials” that
can serve as the basic building blocks for the formation of stars and planets. Today
we know that more than 98% of the baryonic mass in the universe is hydrogen and
helium gas. The next most abundant elements in the universe by mass are O, C, Ne,
N, Mg, Si, Fe, Al, S, Ca, Na, and Ni, and together they make up the vast majority of
the universe’s remaining mass, leaving only < 0.14% for all other elemental species.
The relative abundances of the elements were set by nucleosynthesis in the very early
universe after the Big Bang and in stellar interiors and supernovas. Together with our
knowledge of the chemical properties of the elements, their relative abundances can
be regarded as prior information to identify which are the most plausible molecular
and atomic species to form the planets.

Observations of the Solar System planets and protoplanetary disks around other
stars show that considerable fractionation of the elements takes place during the
planet formation process. The main driver for fractionation of the elements is the
difference in condensation temperatures of the most stable molecular forms of the
elemental species. Shortly after the formation of a protostar, refractory materials in
circumstellar nebula with high condensation are able to condense out first and closest
to the star, while volatile species can condense only at several astronomical units
distance to the star or not at all.

According to their condensation temperature, we generally divide the basic build-
ing blocks of planets into three categories: “Refractory materials” or “rocks” are ma-

terials with condensation temperatures between ~300 and 1700 K. The dominant
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mineral and molecular forms of mainly Mg, Si, Fe, Al, S, Ca, Na, and Ni can be
found as solids in the inner Solar System. “Ices” are chemical compounds with low
boiling temperatures and melting points above about 100 K. The can be stable in
solid, liquid, or gaseous form near the surface of a planet. Examples include H,O,
CO,, CO, CHy4, NHj, Ny, SO,. The ices bind the majority of the available carbon and
oxygen that is not incorporated into mineral form as rock. “Gases” are substances
such as Hy and He with condensation temperatures below ~ 40K that remain in

gaseous form even at large distances from stars.

1.1.2 The Solar System Planets

The composition of the planets in the Solar System follows the trends suggested by
the different condensation temperatures of the basic planet forming materials. The
planets in the inner Solar System are terrestrial or “rocky” and are mainly composed
of refractory materials that accreted from the material that condensed first in the
circumsolar nebular. FEarth’s interior, for example, is composed of approximately
97% refractory materials formed from the clements Fe, Si, Mg, Ca, and Al as well as
the oxygen included in the minerals. The atmospheric composition of the terrestrial
planets then evolved as a complex interplay of outgassing from the planet’s interior,
loss of light species through atmospheric escape, and chemical reaction with and near
the surface.

The giant planets in the outer Solar System have undergone a different formation
process. The current most plausible scenario is that their hypothesized core formed
through the accretion of icy material that condensed out beyond the “ice-line” at
around 2 — 3 AU from the sun. The strong gravitational pull of the newly formed
core was then able to accrete vast amounts of hydrogen and helium gas from the
circumstellar disk in the vicinity of the planet — finally forming the hydrogen/helium
dominated atmospheres observed today.

This distinct formation scenarios of the terrestrial and giant planets may explain
the clear categorization between relatively small rocky planets in the inner solar sys-

tem and massive giant planets. The solar system hosts no intermediate sized planets.
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1.1.3 Planetary Spectra

Our exquisite knowledge about the Solar System planets is a result of decades of stud-
ies using orbiters, fly-bys, in-situ probes, landers, sample returns, and Earth-based
astronomical observations which provide spectroscopy as well as resolved images.
While exoplanet exploration offers the chance to study thousands of more planets,
exoplanet studies of the foreseeable future will be fundamentally limited to spec-
troscopic observations without the ability to spatially resolve any surface or cloud
features.

The reason for the difference in our ability to study exoplanets and Solar System
planets is enormous distance to stars other than the sun. The closest exoplanets are
of the order ~ 10,000 — 100,000 times further away from us than the planets in our
Solar System. The enormous distance prevents us, in the foreseeable future, from
sending any robotic probes or obtaining any resolved images of the planet’s surface.

Depending on the viewing geometry and the wavelength range observed, we can
distinguish three types of planetary spectra (Figure 1-1): reflective spectra, thermal
emission spectra, and transmission spectra. Reflective spectra are the ones most
familiar to humans because we generally see reflected visible light when we observe
objects in our direct environment or a planet through a telescope. Most of the analysis

in this work is, however, devoted to the interpretation of transmission spectra.

Reflective Spectra The “reflective spectrum” measures the wavelength dependent
intensity of light that originated from the star and is scattered back to the observer
by the planet’s surface or atmosphere. Earth, for example, appears blue on pho-
tographs taken from space because Rayleigh scattering of gas molecules in Earth’s
atmosphere scatters light at short wavelength most efficiently. The higher reflectivity
of blue is manifested as a higher reflectance towards 400-500 nm (Figure 1-1(a)). At
near-infrared wavelengths, the reflectance of Earth shows features that are charac-

teristic of the gases in the atmosphere and the reflectance of Earth’s surface. Strong
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absorption features of water vapor and oxygen in Earth’s spectrum lead to charac-
teristic absorption features at 0.82, 0.94, 1.13, and 1.4 pm and 0.76 and 1.27 pm,
respectively. At these wavelengths, a fraction of the light intensity that originated
from the star and was scattered by the Earth’s surface is absorbed along its path
through the atmosphere, leading to characteristic dips in the reflective spectrum. It
is the presence and shape of the dips in the spectra that provides us with information

about the gases present in the atmosphere and their abundances.

Thermal emission spectra The “thermal emission spectrum”, the second type
of planetary spectrum, measures the light that is directly thermally emitted by the
planet due to the inherent temperature. Known as Wien’s displacement law, a result
of the laws of black body radiation, the peak of black body emission occurs at the
wavelength

2.897-107*K -m
Apeak = T , (1.1)

where T is the temperature of the emitting body. For temperate planets such
as Earth, the peak of thermal emission occurs, therefore, at 6 — 25 ym (Figure 1-1).
The emission spectrum of a bare rocky surface would resemble the smooth Planck
function of a black body radiator. The gases in Earth’s atmosphere, however, “bite”
chunks out of the smooth black body spectrum that are characteristic to the gases
in the atmosphere. The absorption features occur because the cool gas at high al-
titude absorbs the thermally emitted light from the surface and re-radiates some of
the absorbed energy a lower intensity. The opposite happens if warmer layers or the
atmosphere are on top of of cooler air. The central peak of the CO, feature at 15 um,
for example, is a result of the increase in temperature with altitude in Earth’s atmo-
sphere (Figure 1-1(b)). Altogether the thermal emission spectrum is a complicated
convolution of the planet’s surface temperature, the vertical temperature profile of

the atmosphere, and abundances of gas and particles in the atmosphere.
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Figure 1-1: Observed global spectra of Earth. The spectra illustrate how Earth would
look like as an exoplanet if observed from a distant star. The reflective spectrum (a)
was obtained from an Earthshine measurement from the dark side of the moon by
Turnbull et al. (2006). The thermal emission spectrum (b) was observed by the Mars
Global Surveyor en route to Mars (Christensen & Pearl, 1997). The transmission
spectrum (c) was inferred from a lunar eclipse observation by Palle et al. (2009).
Panels (a) and (b) are adapted from Seager & Deming (2010). The simultaneous
presences of molecular oxygen (Oz), water vapor (H,0), and methane (CHy) are
detectable in the spectra and would be a clear indication of biological activity on

Earth.
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Transmission spectra The “transmission spectrum” of a planetary atmosphere
can be observed if the star as a bright light source is aligned behind the observed
planet as seen from the observer. For exoplanets, the transmission spectrum can
be observed if the orbit of the planet is fortuitously aligned such that the planet
temporarily crosses in front of its host star (see also Section 1.1.4). A small fraction
of light beams originating from the star then transmit through the atmosphere of the
exoplanet on its path to the observing telescopes. At wavelengths characteristic to
the gases in the planet’s atmosphere, light is absorbed or scattered out of the line-of-
sight, leading to a decrease in the observed light intensity (Figure 1-1(c)). Rayleigh
scattering, which is most efficient at short wavelengths, is the reason why the limb of
Earth’s atmosphere is mostly opaque to blue light, resulting in the red color of the
moon during lunar eclipses.

Out of the three types of spectra described above, the transmission spectrum
contains the information about the desired atmospheric composition of a planet in
the least convoluted form. Reflective spectra are generally a complex convolution of
surface reflectivity, cloud particle reflectivity, and abundances of atmospheric. The
shapes of features in thermal emission spectra are a convolution of the surface tem-
perature, the vertical temperature profile of the atmospheres, and the abundances of
the gascs. Additionally, a spectrum of an unresolved planet is generally an average
spectrum of surface patches of different spectral properties and temperature and with
or without cloud coverage. Transmission spectra, on the other hand, are dominated
by the atmospheric composition because the surface reflectance has no direct influence
and the opacities of the gases are only weakly dependent on the exact temperature

in the atmosphere.

1.1.4 Observational Techniques for Exoplanet Planets

There are currently three main techniques employed to study the composition and
atmospheres of exoplanets: direct imaging spectroscopy, transit spectroscopy, and

radial velocity measurements of the host star.
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Direct Imaging Spectroscopy The conceptually most straightforward way to
study the atmospheres of exoplanets is to take a direct image of the planet as a
point source and to analyze the light the planet emits or reflects as a function of
the wavelength. Direct imaging of exoplanets is in its infancy, however, because
obtaining an image of a faint planetary companion adjacent to a bright host star
presents an extreme technological challenge. The contrast between planets in our
Solar System and our sun, for example, ranges between 10~° and 107!°, making the
detection of planets like Earth or Jupiter around another sun-like star impossible with
currently available astronomical instrumentation. Exoplanet spectra have, however,
been observed using direct imaging for young giant planets that orbit host stars at
large separation and emit strongly at near-infrared because they still irradiate their
accretion heat (e.g., Oppenheimer et al., 2013). Many instruments for ground-based
facilities are currently being developed to significantly expand our ability to study
atmospheres through direction imaging over the next several years (e.g., Macintosh

et al., 2008; Hinkley et al., 2011).

Transit Spectroscopy The dominant source of information about exoplanet at-
mospheres to date is provided by transit and eclipse spectroscopy. For a small subset
of exoplanets, the orbit is fortuitously aligned such that the planet crosses in front
of and behind the star once on every orbit around the star (Figure). This alignment
enables us to detect the planets, measure their sizes relative the sizes of their host
stars, and to obtain atmospheric spectra, without the need for spatially resolving the
faint planet from the adjacent bright star.

During the primary transit, i.e. when the planet crosses in front of its host star,
some of the star light is blocked by the planet, leading to a characteristic dip in the
observed brightness of the star (Winn, 2011). Assuming a uniformly bright stellar
disk, the transit depth d, or the relative decrease in observed stellar brightness, can

be related the planet’s size by

§ = (1;1:)2, (1.2)
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Figure 1-2: Viewing geometry of a transiting planet. Figure adopted from Seager &
Deming (2010).

where Rp is the radius of the planet and R, is the size of the planet’s host star.
Given an estimate of the stellar radius R,from stellar models, we can thus infer the
planetary radius Rp. The magnitude of the transit depth ranges from a few percent
for a Jupiter-sized planet around a small star down to ~ 84 parts per million (ppm)
for an Earth-sized planet around a sun-like star.

If the transiting planet hosts an atmosphere, some of the star light grazing the
planet will be absorbed or scattered at wavelengths characteristic to the atmospheric
gases. As a result, the transiting planet will appear slightly bigger at wavelengths
with strong absorption. Measurements of the wavelength dependent transit depth
d () form the “transmission spectrum” of the planet.

The event where the planet crosses behind the star is referred as a the occultation
of the planet (Figure 1-2). The occultation of the planet also results in a dip in
the brightness of the unresolved star/planet system. During the occultation the star
blocks the light emitted and reflected by the planet and we only receive light from
the star. Subtracting the brightness of the star alone during secondary eclipse from
the summed brightness of the star just before and after the occultation provides us
with a measurement of the planetary emission. Spectroscopic measurements provide
the “occultation spectrum” characteristic of the planet’s temperature, albedo, and

composition.

Radial Velocity Technique Radial velocity measurements of an exoplanet’s host

star are very complementary to transit measurements in that they provide constraints
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Figure 1-3: Side view of Figure 1-2 during primary transit. The star grazing the planet
is transmitted through the atmosphere. At wavelength for which the atmospheric
gases are opaque, part of the light is absorbed in deep layers of the atmosphere and
does not arrive at the observer. The observed planetary radius Rp s varies as a
function of wavelength and results in a transmission spectrum & = (R,/R.)*.

on the mass of the planet. Knowing the mass and radius of transiting planets enables
us to calculate the planet’s bulk density and surface gravity, and to infer constraints
on the composition of the planetary interior. Both surface gravity and interior com-
position present important information in modeling and constraining the atmospheres
of exoplanets.

The radial velocity technique is based on measuring the back and forth wobble
of the star as a result of the gravitational tug of the orbiting planet. The line-of-
sight component of this motion can be inferred by measuring the Doppler shift of
spectral lines in the thermal emission spectrum of the star. The semi-amplitude of

the line-of-sight velocity variations is

K (gﬁ)m M, sini 13)
P (M* s Mp)2/3 /—“‘—“1 — 62: "

where G is the gravitational constant, M, and M, are the masses of the star and

planet, and P, i, and e are the period, inclination, and eccentricity of the planet’s
orbit.

Typical semi-amplitudes range from several hundreds of m/s for hot giant planets
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close to their host stars to 10cm/s for an Earth-mass planet around a sun-like star.
Today’s instruments are able to determine the line-of-sight motion of distant stars
with a precision as good as 1m/s for favorable stars. Given a model estimate of the
stellar mass, the measurements provide the product, M, sin¢, of planetary mass and
the sine of the orbital inclination of the planet relative to the sky plane. For favorable
planets that are also detected through their transit signal, we know the inclination
of the planets, and, thus, can infer the planetary mass and calculate the bulk density
and surface gravity of the planet. The radial velocity technique has been the most

successful technique at detecting exoplanets to date.

1.1.5 Atmospheric Modeling

A wide variety of atmospheric models are used to compute atmospheric spectra of
planetary scenarios. Early theoretical work on exoplanet atmospheres has been dom-
inated by self-consistent atmospheric models that take into account the chemistry
and dynamics of the atmospheres of giant planets to come up with plausible planet
scenarios (e.g. Seager et al., 2000; Burrows & Sharp, 1999).

Despite the early successes of traditional self-consistent models in the interpre-
tation of observational data, limitations become more and more apparent. Model
success included the identification of thermal inversion in the atmospheres of hot
Jupiters (e.g., Knutson et al., 2008), and a classification system for giant exoplanets
(Burrows et al., 2008; Fortney et al., 2008). However, while self-consistent models -
of atmospheric chemistry aim to provide the physical understanding of the relevant
- processes in the atmosphere, they are dependent on inputs such as the background
atmosphere or the elemental abundances, the boundary conditions at the surfaces, as
well as an accurate representation of all relevant chemical reactions, heat transport
and cloud formation processes. If we knew all of the inputs and relevant processes a
priori, one could compute the chemical composition and state of the atmosphere with
self-consistent models. Many of these inputs, however, are not known, especially for
planets that do not agree with our preconceived ideas from solar system planets. As

a result, self-consistent models will often not be able to match the observations to
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within the observational error bars, forcing the modelers to use ad hoc parameters to
explain the data (e.g., Knutson et al., 2008). The models are therefore no longer fully
self-consistent. The shortcomings of self-consistent modeling in directly interpreting
observations are aggravated for planets in the super-Earth regime or smaller. For
super-Earths, the elemental abundances are unknown a priori and atmospheric chem-

istry models have no starting point in determining the atmospheric compositions.

1.1.6 Atmospheric Retrieval

Atmospheric retrieval solves the inverse problem to atmospheric modeling. The ques-
tion is: What are the constraints on the atmospheric properties given an observed
atmospheric spectrum? Atmospheric retrieval deliberately reduces the assumptions
in atmospheric modeling by introducing free parameters for atmospheric properties
that cannot be determined from physical or chemical principles because too little is
known about the planet. The observational data is then used to fit the free retrieval
parameters.

Studies of the planetary atmosphere by remote-sensing have a long history in the
Solar System and for Earth. Farly retrieval methods for remote-sensing the tem-
perature profile of Earth’s atmosphere were developed by Smith (1970) and Chahine
(1974). Variants of these methods were developed to retrieve the abundances of mi-
nor species and temperature profiles in other Solar System planets (e.g. Conrath,
1998; Susskind et al., 2003). The classical theory of inverse problems in atmospheric
sounding is reviewed in Rodgers (2000). Similarly, in the astrophysical community,
tools were developed to fit observations of stellar spectra with models (Valenti &
Piskunov, 1996). A general overview of the inversion strategies for remote-sensed
data in the astronomy context can be found in Brown & Craig (1986). Interestingly,
the literature reveals that many of the techniques for retrieval problems overlap with
techniques developed for optimization in electrical and systems engineering. Meth-
ods for retrieval, inversion, and optimization are effectively all methods for parameter
estimation and were reinvented independently in different fields.

The main difference between our approach and the "classical" gradient-based tech-

34



niques developed for Solar System studies is that the traditional techniques benefit
from a fairly good knowledge of the environment under investigation and are not
particularly applicable to extrasolar planets of entirely unknown composition. Usu-
ally, the goal of the classical methods is to derive the abundances of trace gases or
to characterize the exact temperature field of the atmosphere in well-characterized
atmospheres, while the composition and thickness of the atmosphere is completely
known beforehand. The prior information of the main constituents and thickness is
used to constrain the initial parameter set, and the gradient-based retrieval method
searches for the best possible solution that reproduces the observed spectrum in the
local domain of the initial condition. The assumption that the solution needs to be-
long to the local domain of the initial condition is an unavoidable short-coming of
traditional gradient-based methods. For extrasolar planets, there will, in general, be
no such prior knowledge of the nature and thickness of the atmosphere. Instead, one
aims to identify the main constituents of a completely unknown atmosphere, while

being fundamentally constrained by limited data.

1.2 Comparisons to Other Atmospheric Retrieval Meth-

ods for Exoplanets

1.2.1 The “Millions of Models” Approach

The approach presented in this work builds on the idea introduced in the pioneering
works on hot Jupiters by Madhusudhan & Seager (2009) and Madhusudhan et al.
(2011b) to use Monte Carlo methods to explore the parameter space for solutions
that are in agreement with the observations. The method presented here is different

in the following five ways:

1. The framework described in this work conducts a full Bayesian analysis to deter-
mine statistically robust Bayesian credible intervals for the atmospheric parame-
ters. The constraints on individual atmospheric parameters arc derived directly

by marginalizing the joint posterior probability distribution obtained from ei-
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ther the Markov Chain Monte Carlo (MCMC) technique or nested sampling.
Madhusudhan et al. (2011a) used the MCMC technique to explore the model
parameter space in the search for regions that provide good fits to the data.
Based on the parameter exploration they were able to report contours of con-
stant goodness-of-fit in the parameters space. Contours of constant goodness-of-
fit, however, cannot directly be related to the confidence regions of the desired

parameters.

. In choosing the atmospheric retrieval model, the questions arise as to how much
complexity and how many free parameters should be included in the retrieval
model