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T O WA R D S G E N E R A L I Z E D C H A R A C T E R I Z AT I O N O F
E X O P L A N E T AT M O S P H E R E S W I T H T R A N S I T
S P E C T R O S C O P Y

L U I S C A R L O S W E L B A N K S C A M A R E N A

The field of exoplanetary sciences has grown from an era of detection
to one of characterization. To date, over 4000 exoplanets have been dis-
covered and over 50 of them have been observed with primary transit
spectroscopy methods. The current population of characterized exoplan-
ets spans a wide range of parameter space; from ultra-hot Jupiters with
atmospheric temperatures beyond 3000 K, to temperate mini Neptunes
that may host water in their atmospheres. Upcoming observational facili-
ties in the next two decades will deliver exquisite spectra of exoplanet at-
mospheres at wavelengths never probed before, with unprecedented pre-
cision, and at much higher resolution than currently possible, effectively
expanding the number of exoplanets with observed spectra. Nonethe-
less, an increasingly diverse planet population and higher fidelity data
necessarily demand more flexible, complex, and generalized modeling
frameworks.

In this thesis, we present our work on atmospheric retrievals of exo-
planets, focusing on investigating the robustness of the model assump-
tions inevitably employed to infer basic planetary conditions, composi-
tional trends across the exoplanet mass range, and considerations for
next-generation generalized retrieval frameworks. First, we present our
systematic investigation of degeneracies between different model con-
siderations in retrievals of transmission spectra and the observations
that can resolve them. This study used a combination of Bayesian atmo-
spheric retrievals and a range of common model assumptions, focusing
on H2-rich atmospheres. We find that a combination of models including
variable cloud coverage, prominent opacity sources, and high-precision
optical and infrared spectra with current facilities enable constraints on
cloud/haze properties and chemical abundances.

Second, we apply our atmospheric retrieval framework to a large sam-
ple of 19 exoplanets ranging from cool mini-Neptunes to hot Jupiters.
This effort constitutes the largest (i.e., broad wavelength coverage, mul-
tiple chemical species, mini-Neptunes to Jupiter sized planets) homoge-
neous chemical abundance survey for transiting exoplanets to date. We

v



find a mass–metallicity trend of increasing H2O abundances with de-
creasing mass, significantly lower than the mass–metallicity relation for
carbon in the solar system giant planets and similar predictions for ex-
oplanets. On the other hand, the Na and K mass–metallicity trends are
generally consistent with the solar system metallicity trend. We argue
that the trends observed in this sample suggest different formation path-
ways for these close-in exoplanets compared to the long-period solar
system giants.

Third, we introduce Aurora, a next-generation retrieval framework
for the characterization of H-rich and H-poor atmospheres. Here, we
build upon state-of-the-art architectures and incorporate the following
key advancements (a) a generalized compositional retrieval allowing for
H-rich and H-poor atmospheres, (b) a generalized prescription for inho-
mogeneous clouds/hazes, (c) multiple Bayesian inference algorithms for
high-dimensional retrievals, (d) modular considerations for refraction,
forward scattering, and Mie scattering, and (e) noise modeling function-
alities. We then carry out an investigation of the current and future chem-
ical composition constraints for exoplanet atmospheres using this new
retrieval framework. We estimate the abundance constraints achievable
for hot Jupiters, mini Neptunes, and rocky exoplanets with current and
upcoming observational facilities.

Lastly, we present our contribution to recent studies characterizing
exoplanet atmospheres using ground and space based facilities. We per-
form atmospheric retrievals on a diverse population of exoplanets from
ultra-hot Jupiters to temperate mini Neptunes. Among the planets stud-
ied are WASP-127b, WASP-33b, WASP-21b, K2-18b, KELT-11b, and HAT-
P-41b. Our results add to the vast chemical inventory of atomic and
molecular species found in exoplanet atmospheres. Moreover, our analy-
ses unveil some of the challenges when interpreting high-precision spec-
troscopic data and possible instrument systematics. The atmospheric re-
connaissance presented in this work explores some of the considerations
needed for generalized characterization of exoplanet atmospheres with
upcoming ground-based and space-based facilities.

We conclude this dissertation by summarizing our findings and their
implications to the broader field of exoplanet characterization. We dis-
cuss some of the outstanding questions from our research and the prospect
of future modeling and retrieval approaches to robustly characterize
exoplanet atmospheres. The lessons from this work highlight that, al-
though the inferences derived from observations are strongly influenced
by model assumptions, the use of physically motivated models with
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minimal assumptions, and broadband transmission spectra with current
and future facilities can provide plausible estimates for the atmospheric
properties for planets outside our solar system.

vii





Dedicated to the loving memory of Nelson Welbanks Cozzulo.

1928 – 2020





A C K N O W L E D G E M E N T S

I consider myself extremely lucky and blessed to have the opportunity to
write these words and this dissertation. I deeply thank Nature for all the
lessons it has shared with me, for its care, love, and for the opportunity
to be here.

I am forever grateful to my supervisor Prof. Nikku Madhusudhan
for his passionate and selfless support. From before I had the fortune
to become his student, Prof. Nikku Madhusudhan started seeding his
wisdom, humor, kindness, and view of the landscape of life in me. As
his student, he continued to inspire me to become a better scientist and
human-being. I am thankful for his unwavering support. At my best and
at my worst he has been there to listen, troubleshoot, and give hope. I
am indebted with him for introducing me to the field of exoplanets, an
action that has changed my life. This dissertation would not have been
possible without him.

It is common place to say that it takes a village to raise a child. Whether
the child is this dissertation or the journey to get here, I am extremely
grateful for the collective support from so many of my peers, colleagues,
and friends. I would like to thank Dr. Siddharth Gandhi and Dr. Arazi
Pinhas for receiving me with open arms here in Cambridge. Their ad-
vise, friendship, and willingness to teach me have deeply touched me.
Likewise, I would like to sincerely thank my colleagues and friends
at Prof. Nikku Madhusudhan’s research group. Anjali Piette, Matthew
Nixon, Adam Langeveld, Samuel Cabot, and Savvas Constantinou are
more than just my ‘academic siblings’, they are my friends. Their atten-
tive ear, their supportive company, and their empathy throughout this
journey has made me grateful for our shared academic experience. I
thank them for all their kindness.

I would like to sincerely express my gratitude to the collaborators
who made much of the work in this dissertation possible. I would like to
thank Dr. Guo Chen, Dr. Enric Pallé, Dr. Carolina von Essen, Dr. Knicole
Colón, Dr. Laura Kreidberg, Dr. Avi Mandell, Dr. Drake Deming, and
Kyle Sheppard for sharing with me their exquisite observations and pro-
viding a glimpse into the hard-work that these entail. As well, I would
like to express my deep gratitude to Dr. Nicole Allard, Dr. Ivan Hubeny,
Dr. Fernand Spiegelman, Dr. Thierry Leininger, and Dr. Michael Line
for sharing their technical and theoretical expertise. Additionally, I am

xi



grateful for the helpful discussions and meaningful insights provided by
Dr. Kaisey Mandel, Dr. Richard Booth, and Jeffrey Salmond. All together,
their contributions have made of my work more robust and complete. I
am grateful for their advise, leadership, and hard work.

I would be remiss if I were not to thank my friends outside the exo-
planet community, as their support through this journey has been key to
my well-being. I thank Peter McGill, Dylan Gaffney, Sophie Koudmani,
Antranik Sefilian, Michael Pashkevich, Dr. Gyuchul Myeong, Amy Rank-
ine, Andrea Kusec, Daniel Rothchild, among many others who I am
extremely fortunate to call my friends, for listening to me, providing
sound advice, and offering an opportunity to call Cambridge home for
the last four years. Likewise, I would like to thank Dr. Graham Farmelo
for his mentorship and friendship during the last four years. I must ac-
knowledge that part of this work was performed during the COVID-19

pandemic. There have been countless people, many of them unaware
of their contribution, who allowed me to continue and finish this work;
I thank them for their inestimable support. I express my sincere grat-
itude to the Institute of Astronomy, Churchill College, and the Gates
Cambridge Trust for enabling the right environment for my academic
growth. My deepest apologies if I have missed someone.

I would like to thank my friends and family for all their love and
support throughout this endeavor. My mother Nelly, my grandparents,
Darlene and Les Bachewich, I thank them for supporting me and believ-
ing in me. I would like to especially thank my father, Luis. I simply do
not have the words to express how much I appreciate all he has done for
me. There has not been a single day in the last 10 years, since I left home
for the first time, that he has not been there by my side. I owe most of
who I am today, to him.

To conclude, I would like to share a brief story. While producing some
of the work in this dissertation, I had the opportunity to read a book
by John Aitchison. It was in his work that I found a sentiment that
completely resonated with me and made me wish I had thought of it
first, as it describes my absolute appreciation for Stephanie Bachewich.
Stephanie, you have been a constant among many variables. Thank you
for always being there for me, believing in me, and being my best friend.

xii







P U B L I C AT I O N S

Some ideas and figures have appeared previously in the following pub-
lications:

• Welbanks & Madhusudhan (2019)

• Welbanks, Madhusudhan, Allard, Hubeny, Spiegelman & Leininger
(2019)

• Welbanks & Madhusudhan (2021)

• Chen et al., (2018)

• von Essen, Mallonn, Welbanks, Madhusudhan, Pinhas, Bouy &
Weis Hansen (2019)

• Chen, Casasayas-Barris, Pallé, Welbanks, Madhusudhan, Luque &
Murgas (2020)

• Madhusudhan, Nixon, Welbanks, Piette & Booth (2020)

• Colón et al., (2020)

• Sheppard et al., (2021)

xv





C O N T E N T S

List of Figures xxii

List of Tables xxvi

i towards generalized characterization of exoplanet

atmospheres with transit spectroscopy 1

1 introduction 3

1.1 Detection Methods 4

1.2 A Brief Overview of Exoplanet Diversity 8

1.3 Atmospheric Observations and Characterization 10

1.3.1 Transit Spectroscopy 11

1.3.2 Other Atmospheric Characterization Methods 17

1.4 Atmospheric Modeling 19

1.4.1 Forward Models 20

1.4.2 Inverse Models 21

1.4.3 Forward or Inverse? 24

1.5 The Science Embedded in an Exoplanet Atmosphere 24

1.5.1 Atmospheric Physics 24

1.5.2 Clouds and Hazes 26

1.5.3 Planet Formation 28

1.5.4 Habitability and Biosignatures 31

1.6 Scope of this Thesis 32

1.6.1 Understanding Degeneracies in Retrievals of Exo-
planetary Transmission Spectra 33

1.6.2 Homogeneous Studies of Exoplanetary Transmis-
sion Spectra to Determine Population Level Trends 34

1.6.3 Developing Next-generation, Generalized, Exoplan-
etary Atmospheric Bayesian Inference Frameworks 35

1.6.4 Characterization of Exoplanetary Atmospheres Us-
ing Ground-based and Space-based Facilities 37

2 on degeneracies in retrievals of exoplanetary trans-
mission spectra 39

2.1 Introduction 40

2.2 The Rp–Pref-H2O Degeneracy 43

2.2.1 On the XH2O–Pref–Rp Degeneracy 45

2.3 HD 209458 b: A Case Study 50

2.3.1 Case 0: Reproducing the Semi-analytic Model 53

xvii



xviii contents

2.3.2 Case 1: Isobar, Isotherm, H2O Only and WFC3 Data 55

2.3.3 Case 2: Case 1 + H2/He CIA 56

2.3.4 Case 3: Case 2 without an Isobar 57

2.3.5 Case 4: Case 3 + P–T profile 57

2.3.6 Case 5: Case 4 + Full Cloud Cover 58

2.3.7 Case 6: Case 4 + Nonhomogeneous Clouds 59

2.3.8 Case 7: Case 6 + Optical Data 60

2.3.9 Case 8: Case 7 + Na and K 61

2.3.10 Case 9: Case 8 + NH3 62

2.3.11 Case 10: Case 9 + CO 62

2.3.12 Case 11: Case 10 + HCN 63

2.3.13 Case 12: Case 11 + CO2 63

2.3.14 Key Lessons 64

2.4 Solutions to Homogeneous Cloud Cover 66

2.5 The Rp–Pref Degeneracy 68

2.5.1 The Slant Photosphere 74

2.5.2 Retrieving Rp versus Pref 75

2.5.3 Limitations of Semi-analytic Analysis 77

2.6 Summary and Discussion 79

3 mass-metallicity trends in transiting exoplanets

from atmospheric abundances of h2o, na , and k 83

3.1 Introduction 84

3.2 Observations 84

3.3 H2 Broadened Alkali Cross Sections 85

3.4 Atmospheric Retrieval 87

3.5 Results 88

3.5.1 Abundances of H2O, Na, and K 90

3.5.2 Abundance Ratios and Mass-Metallicity Relation 92

3.6 Discussion 93

4 methods for a generalized retrieval framework

for exoplanetary transmission spectra 97

4.1 Introduction 98

4.2 Overview of the Aurora Retrieval Framework 102

4.3 Forward Model 104

4.3.1 Pressure-Temperature Profile 104

4.3.2 Sources of Opacity 105

4.3.3 A New Cloud and Haze Parameterization 108

4.3.4 Radiative Transfer 110

4.4 Considerations for Non-H-rich Atmospheres 111

4.5 Multialgorithmic Statistical Inferences 113



contents xix

4.5.1 Next-generation Bayesian Inference Algorithms 115

4.5.2 Model Comparison and Detection Significance 117

4.6 Modular Capabilities 118

4.6.1 Stellar Heterogeneity 118

4.6.2 New Noise Modeling Modules 118

4.6.3 Refraction and Forward Scattering 119

4.6.4 Mie-scattering Forward Models 122

4.7 Summary 123

5 agnostic retrievals of exoplanetary atmospheres 125

5.1 Validation of Aurora on Hot Jupiter HD 209458 b. 126

5.1.1 A Generalized Cloud and Haze Prescription 128

5.1.2 Effect of Cloud and Haze Prescriptions 129

5.1.3 H-rich versus Non-H-rich Assumptions 130

5.1.4 Assessing the Highest Evidence Model 131

5.2 Testing Multiple Nested Sampling Algorithms 132

5.3 Application to Mini Neptune K2-18b 135

5.3.1 Case Study: Current Observations of K2-18b 136

5.3.2 Future Spectroscopic Observations: K2-18b 140

5.4 Application to Rocky Exoplanets 143

5.5 Summary and Discussion 150

5.5.1 Constraining the Composition of Mini Neptunes 151

5.5.2 Constraining the Composition of Rocky Exoplan-
ets 153

5.5.3 On Multidimensional Effects 155

5.5.4 Concluding Remarks 156

6 characterization of exoplanet atmospheres with

ground-based facilities 159

6.1 Atmospheric Retrieval Configuration 160

6.2 The Extremely Inflated Sub-Saturn-mass Exoplanet WASP-
127b 162

6.2.1 Observations 162

6.2.2 Retrieved Atmospheric Properties 162

6.3 The Highly Irradiated Hot Jupiter Exoplanet WASP-33b 164

6.3.1 Observations 165

6.3.2 Retrieved Atmospheric Properties 165

6.4 The Hot Saturn Exoplanet WASP-21b 168

6.4.1 Observations 169

6.4.2 Retrieved Atmospheric Properties 169

6.5 Summary and Discussion 171



xx contents

7 characterization of exoplanet atmospheres with

space-based facilities 175

7.1 Atmospheric Retrieval Configuration 176

7.2 The Habitable Zone Exoplanet K2-18b 178

7.2.1 Retrieved Atmospheric Properties 179

7.3 The Inflated Sub-Saturn KELT-11b 181

7.3.1 Observations 182

7.3.2 Retrieved Atmospheric Properties 182

7.4 The Inflated Hot Jupiter HAT-P-41b 190

7.4.1 Observations 190

7.4.2 Retrieved Atmospheric Properties 191

7.5 Summary and Discussion 197

8 conclusions 205

8.1 Understanding the Limitations of Retrievals of Exoplane-
tary Transmission Spectra 206

8.1.1 Revisiting Outstanding Questions 207

8.1.2 Future Considerations 208

8.2 Homogeneous Studies to Determine Population Level Trends 208

8.2.1 Revisiting Outstanding Questions 209

8.2.2 Future Considerations 210

8.3 Development of Next-Generation Agnostic Exo-Atmosphere
Bayesian Inference Frameworks 210

8.3.1 Revisiting Outstanding Questions 212

8.3.2 Future Considerations 214

8.4 Interpreting Space-based and Ground-based Transmission
Spectra of Transiting Exoplanets 214

8.5 Future Directions 216

8.6 Final Remarks 217

ii appendix 219

a supplementary information for chapter 2 221

b supplementary information for chapter 3 227

c supplementary information for chapters 4 and 5 231

c.1 Additional Forward-scattering and Refraction Models for
a Rocky Exoplanet 231

c.2 Procedure for Simulating JWST Observations 233

c.2.1 PANDEXO Input for K2-18b 233

c.2.2 PANDEXO Input for TRAPPIST-1 d 234

c.3 Priors Used in Chapter 5 234

c.4 Validation of Aurora on HD 209458 b 234



contents xxi

c.5 Posterior Distributions for K2-18b Using Synthetic Obser-
vations 237

d supplementary information for chapter 6 239

e supplementary information for chapter 7 243

iii bibliography 251

Bibliography 253



L I S T O F F I G U R E S

Figure 1 Cumulative number of exoplanets in the last three
decades 5

Figure 2 Schematic of transiting planets 7

Figure 3 Mass semi-major axis distribution for confirmed
exoplanets 9

Figure 4 Radius period distribution for confirmed exoplan-
ets 10

Figure 5 Atmospheric characterization of transiting exoplan-
ets 12

Figure 6 Molecular cross sections for some species expected
in exoplanet atmospheres 14

Figure 7 Schematic of an inverse model framework 22

Figure 8 Schematic of the processes present in an exoplanet
atmosphere 25

Figure 9 Degeneracies in clear atmospheres 44

Figure 10 Results of linear fit compared to full retrieval mod-
els 47

Figure 11 Spectrum of HD 209458 b and degenerate mod-
els 53

Figure 12 Retrieved H2O abundances in the study of degen-
eracies 58

Figure 13 Simulated retrieval for assumed 80% cloud cover 66

Figure 14 Simulated retrieval for assumed 90% cloud cover 68

Figure 15 Simulated retrieval for assumed 100% cloud cover 69

Figure 16 Linear fit to the H2O abundance vs planetary ra-
dius relationship 71

Figure 17 Retrieved planetary radius vs retrieved H2O mix-
ing fraction 72

Figure 18 Photospheric level of spectral features 74

Figure 19 Retrieved H2O abundances for different retrieval
parameters 76

Figure 20 Absorption cross sections of Na and K broadened
by H2 86

Figure 21 Observations and retrieved model transmission
spectra of exoplanets showing evidence of Na and/or
K in the optical wavelengths 88

xxii



LIST OF FIGURES xxiii

Figure 22 Mass-metallicity relation for planets with chemi-
cal detections above 2σ significance 91

Figure 23 Normalized abundances of Na, K, and H2O for
detections above 2σ significance. 93

Figure 24 Schematic of Aurora’s retrieval framework 103

Figure 25 Absorption cross sections for some of the molecu-
lar opacity sources included in Aurora 106

Figure 26 Schematic of the four-sector generalized parame-
terization of inhomogeneous clouds and hazes 109

Figure 27 Forward models including the effects of wavelength-
dependent refraction for the mini Neptune K2-
18b 120

Figure 28 Forward-scattering models for the atmosphere of
the mini Neptune K2-18b 121

Figure 29 Mie scattering models for the atmosphere of the
mini Neptune K2-18b 122

Figure 30 Validation of Aurora’s retrieval framework on the
spectrum of HD 209458 b 127

Figure 31 Posterior distributions for H2O, Na and K abun-
dances under the four different cloud and haze
models on the spectrum of HD 209458 b 129

Figure 32 Comparison between retrievals with different nested
sampling algorithms 135

Figure 33 Retrieval of current K2-18b observations with and
without the assumption of a H-rich atmosphere 138

Figure 34 Retrieval of synthetic observations of K2-18b 142

Figure 35 Planet radius vs. stellar insolation for the TRAPPIST-
1 system 144

Figure 36 Detection significance for different chemical species
in the atmosphere of TRAPPIST-1 d as a function
of the observed number of transits with JWST-
NIRSpec 146

Figure 37 Retrieval of synthetic TRAPPIST-1 d observations
for a CO2-rich atmosphere 148

Figure 38 Retrieval of synthetic TRAPPIST-1 d observations
for a N2-rich atmosphere with enhanced O3 149

Figure 39 WASP-127b’s transmission spectrum and retrieved
models. 163

Figure 40 WASP-127b’s retrieved pressure-temperature pro-
file 165



xxiv LIST OF FIGURES

Figure 41 WASP-33b’s transmission spectrum and retrieved
models 166

Figure 42 WASP-33b’s retrieved pressure-temperature pro-
file 169

Figure 43 WASP-21b’s transmission spectrum, pressure-temperature
profile, and retrieved models 170

Figure 44 K2-18b’s transmission spectrum, retrieved mod-
els, and posterior distributions. 180

Figure 45 KELT-11b’s full transmission spectrum and retrieved
fiducial model 183

Figure 46 KELT-11b’s HST only transmission spectrum and
retrieved fiducial model 186

Figure 47 KELT-11b’s HST only transmission spectrum and
retrieved simplified model 187

Figure 48 Chemical contribution plot for the HST/WFC3

spectrum of KELT-11b 188

Figure 49 HAT-P-41b’s transmission spectrum and retrieved
model 192

Figure 50 HAT-P-41b’s transmission spectrum and simpli-
fied retrieved model 194

Figure 51 HAT-P-41b’s transmission spectrum and retrieved
models considering instrumental shifts 196

Figure 52 Posterior distributions for XH2O, Pref, and Rp for
cases 0 and 1 in Chapter 2 221

Figure 53 Posterior distributions for XH2O, Pref, and Rp for
cases 2-7 in Chapter 2 222

Figure 54 Posterior distributions for XH2O, Pref, and Rp for
cases 8-12 in Chapter 2 223

Figure 55 Posterior distribution for case 12 in Chapter 2 226

Figure 56 Forward-scattering and refraction models for a
rocky exoplanet 232

Figure 57 Posterior distribution for the retrieval of K2-18b
using synthetic observations 237

Figure 58 Marginalized posterior probability densities for
WASP-127b 239

Figure 59 Marginalized posterior probability densities for
WASP-33b 240

Figure 60 Marginalized posterior probability densities for
WASP-21b 241



LIST OF FIGURES xxv

Figure 61 Marginalized posterior probability densities for
KELT-11b using the complete TESS, HST, and Spitzer
observations 244

Figure 62 Marginalized posterior probability densities for
KELT-11b using HST observations only 245

Figure 63 Marginalized posterior probability densities for
KELT-11b using HST observations only and a sim-
plified model 246

Figure 64 Marginalized posterior probability densities for
HAT-P-41b using our full (fiducial) model 248

Figure 65 Marginalized posterior probability densities for
HAT-P-41b using our simplified model 249



L I S T O F TA B L E S

Table 1 Summary of the 12 cases considered in the sys-
tematic investigation of degeneracies between model
parameters 52

Table 2 Planetary properties and retrieved H2O, Na, and
K abundances (mixing ratio) for 19 exoplanets 89

Table 3 Retrieved parameters for the spectrum of K2-18b
using different nested sampling algorithms 134

Table 4 Retrieved parameters for current observations of
K2-18b 137

Table 5 Bayesian model comparison for WASP-127b 164

Table 6 Bayesian model comparison for WASP-33b 167

Table 7 Bayesian model comparison for WASP-21b 171

Table 8 Bayesian model comparison for K2-18b 181

Table 9 Summary of retrievals for KELT-11b without in-
strumental offsets 189

Table 10 Summary of retrievals for HAT-P-41b 193

Table 11 Results and priors for the systematic exploration
of degeneracies. Cases 1-6 in Chapter 2 224

Table 12 Results and priors for the systematic exploration
of degeneracies. Cases 7-12 in Chapter 2 225

Table 13 Planetary masses for the homogeneous study in
Chapter 3 227

Table 14 Parameters and priors for the retrievals in Chap-
ter 3 228

Table 15 Host star metallicities for the sample in Chapter 3 229

Table 16 Parameters and priors used in Chapter 5 235

Table 17 Retrieval of HD 209458 b using Aurora 236

Table 18 Summary of retrievals for KELT-11b considering
instrumental offsets 247

xxvi



Part I

T O WA R D S G E N E R A L I Z E D C H A R A C T E R I Z AT I O N
O F E X O P L A N E T AT M O S P H E R E S W I T H T R A N S I T

S P E C T R O S C O P Y





1
I N T R O D U C T I O N

Our understanding of the universe took a gigantic leap forward almost
three decades ago, when we confirmed the existence of other worlds be-
yond the boundaries of our solar system. What was previously confined
to the realm of our imagination and theoretical astrophysics was sud-
denly accessible to our senses. These planets orbiting other stars chal-
lenged from the get go any preconceptions about how planets form,
where they form, and what they should be made of. Since then, we have
been incessantly working to keep up with the crescendo of wonders Na-
ture has been letting us contemplate. The discovery and characterization
of these other worlds, so called exoplanets, has offered us a new window
to explore the cosmos. By looking at these other worlds, not only do we
learn about the vast diversity of environments out there, but also about
the remarkable place our home planet occupies in the universe.

We understand the nature of exoplanets by becoming aware of their
existence and measuring, directly or indirectly, the light they radiate,
reflect, or absorb. With this information, we can deduce the natural
properties of these worlds, from the outer layers of their atmospheres to
their interiors. Additionally, by studying several of these exoplanets and
comparing their properties to other bodies, including those in our own
solar system, we can deduct their possible origins and fates. Together,
this accumulation of knowledge will lead us to a better understand-
ing of planet composition, planet formation and evolution, and even
the prospect for other habitable planets. This area of scientific inquiry
known as exoplanetary science has therefore emerged as a prosperous
frontier in science. The rapid technological and scientific advancements
witnessed in exoplanetary science has made my generation1 the first to
grow up knowing about the existence of alien worlds.

However, thirty years in, this story is just in its opening chapters. Re-
cent and upcoming surveys such as TESS, CHEOPS, PLATO, and com-
plementary ground-based surveys promise to find hundreds, if not thou-
sands, of additional exoplanets. Accompanying these detection efforts,
the imminent launch of the James Webb Space Telescope (JWST), and the
series of Extremely Large Telescopes (ELTs) planned to emerge in this

1 Besides this use of the first person singular, the rest of this work uses the first person
plural for stylistic consistency.

3



4 introduction

new decade, will offer us detailed information about the composition
of these planets at a rate never experienced before. As such, we stand at
the dawn of what promises to be yet another revolution. Inspired by this
outstanding opportunity, we can embark on a reconnaissance mission to
prepare our tools and models for the upcoming transformation of the
field.

1.1 detection methods

At the time of writing this thesis, 4384 exoplanets have been confirmed
detections according to the NASA Exoplanet Archive (Akeson et al.,
2013). Figure 1 illustrates the cumulative number of discovered exoplan-
ets as a function of time, highlighting some of the milestones in the field.
From planets around pulsars (e.g., PSR B1257+12, Wolszczan & Frail,
1992) and substellar objects previously thought to be exoplanets (e.g.,
HD114762b, Latham et al., 1989) to the first planet around a sun-like star
(e.g., 51 Pegasi b, Mayor & Queloz, 1995) and the well studied directly
imaged systems (e.g., HR 8799, Marois et al., 2008), the vast number of
discovered exoplanets has provided us a wide phase space of planetary
conditions to study. Below, we briefly summarize the different methods
used to detect exoplanets.

The first step in our quest to understand exoplanets is to detect them.
Intuition dictates that the easiest way to do so is by looking directly
at them, just like we see stars in the sky. This method is called direct
imaging and is conceptually straightforward. In direct imaging the ef-
fort is focused on detecting photons coming directly from an exoplanet.
The problem here is that by being close to another source of photons
which is many times brighter (i.e., their host star) it is challenging to
detect the photons directly from a fainter source (i.e., the planet). This
is cleverly overcome by nulling out the starlight using a coronograph.
Directly imaging an Earth-like exoplanet in the visible requires a con-
trast of ∼ 10−10 (Liu et al., 2015), while current technology is capable of
detecting contrasts of ∼ 10−5–10−7 (e.g., Ren et al., 2012; Schneider et al.,
2014). Consequently, current technology limits the applicability of this
technique to young, massive, or bright planets that are far from their
host stars, with observations in the near-infrared (e.g., Kalas et al., 2008;
Marois et al., 2008). Through this method, we measure the thermal emis-
sion from the planet which has two possible sources: light reflected from
the host star (extrinsic) and thermal emission from the planet (intrinsic).
With a relatively small number of planets found using this technique to
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Figure 1 Cumulative number of exoplanets as a function of time with
data from the NASA Exoplanet Archive. At the time of writing this work,
4384 exoplanets have been confirmed. The plot additionally shows some
exemplary discoveries: a stellar/substellar object previously thought to
be the first discovered exoplanet (HD114762b, Latham et al., 1989), the
discovery of planets around a pulsar (PSR B1257+12, Wolszczan & Frail,
1992), the first exoplanet orbiting a main-sequence star (51 Pegasi b,
Mayor & Queloz, 1995), the first transiting exoplanet (HD 209458 b, Char-
bonneau et al., 2000; Henry et al., 2000), the first exoplanet discovered by
gravitational microlensing (OGLE-2003-BLG-235L b, Bond et al., 2004),
and the first multiplanetary system directly imaged (HR 8799, Marois
et al., 2008). Additionally, the plot shows the lifetime of the Kepler/K2

mission (2009-2018) responsible for finding over two thousand exoplan-
ets (Borucki, 2018). This plot is adapted from the Mamajek’s Law plot
by Christine Corbett Moran, Deputy Manager for the NASA Exoplanet
Exploration Program.

date (e.g., Marois et al., 2008; Lagrange et al., 2010; Marois et al., 2010),
the prospect of the field is to develop better tools, including space-based
coronographs, and some day produce an image of an Earth-like planet
(e.g., Kaltenegger, 2017; Checlair et al., 2021; Wagner et al., 2021). This
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method, as its name suggests, is a direct method for detecting exoplan-
ets. However, it is through indirect methods that most exoplanets have
been detected.

The first exoplanet orbiting a sun-like star, 51 Pegasi b (Mayor &
Queloz, 1995), was detected by means of an indirect method known as
the radial velocity method. This detection technique, also known as the
Doppler technique, works on the basis of measuring the gravitationally-
induced oscillation of a host star due to its orbiting planets. This is done
by measuring the Doppler shift of the stellar absorption lines as the
planet-star pair orbit their common center of mass. The heavier and
closer the planet is to its host star, the larger the amplitude of the os-
cillation, and the easier it is to detect. This rationale explains why the
majority of the planets discovered by this method are massive Jupiter-
like planets, orbiting their host stars at very short separations. Detecting
51 Pegasi b required measuring a radial velocity of ∼ 59 m s−1, and was
achieved with a precision of ∼ 13 m s−1 (Mayor & Queloz, 1995). Since
then, pioneering technology has allowed for measuring radial velocities
of a few meters per second with precisions of ∼ 1 m s−1(e.g., Mayor
et al., 2003; Anglada-Escudé et al., 2016; Fischer et al., 2016). These re-
markable advancements have allowed the field to detect exoplanets with
masses similar to Earths’ orbiting small M dwarfs (e.g., Anglada-Escudé
et al., 2016). However, detecting an Earth like planet around a Sun like
star will require measuring velocities of roughly 10 cm s−1 (Jurgenson
et al., 2016; Fischer et al., 2016). This goal, while currently beyond our
technical capabilities, promises to be possible with upcoming facilities
(e.g., Plavchan et al., 2015; Jurgenson et al., 2016; Fischer et al., 2016).
From this method not only can we infer the presence of a planet, but we
can also get an estimate for the minimum mass the planet must have.

Then, there is an indirect method that has proven to be the most suc-
cessful in providing us information about exoplanets and their atmo-
spheres, the transit method. To understand the transit method, we need
to consider a specific configuration illustrated in Figure 2. Begin by imag-
ining the line of sight between an observer and a planetary system. If
the alignment of the system with respect to the observer is close to edge
on, we can expect that any planets orbiting the star will eventually and
periodically eclipse their host star. As a planet passes in front of its host
star (i.e., transits the host star) the amount of light the observer receives
from the host star will decrease. This decrease in the measured stellar
flux allows us to infer the presence of a planet, its radius, and orbital
inclination.
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Figure 2 Schematic of a transiting planet. The planet orbits its host star
(yellow circle). When the planet transits in front of the star we call this
primary eclipse, whereas when the planet passes behind the star we call
this secondary eclipse. Figure obtained from Seager & Deming (2010).

For this method to be successful, a series of advantageous scenarios
must occur. First, the closer the planet is to its host star, the probabil-
ity of transit becomes higher. Second, the bigger the planet, the bigger
the transit depth. Consequently, this method has been particularly suc- The transit depth is

proportional to the
projected areas
between planet and
star. A Jupiter sized
planet around a
sun-like star will
have a transit depth
of
(Rp/Rstar)

2 ∼ 1%.

cessful at detecting many massive exoplanets with sizes comparable to
Jupiter. Moreover, many of these Jupiter sized planets are highly irradi-
ated since they orbit their host stars at semi-major axes < 0.5 au (see
e.g., Figure 3). These close-in, highly irradiated, Jupiter sized planets
are commonly referred to as hot Jupiters. While this technique has been
mostly successful in detecting hot gas giants, recent technological ad-
vancements and survey efforts have made it possible to detect planets
smaller than Neptune orbiting sun like stars, and Earth-sized exoplanets
orbiting smaller M-Dwarfs (e.g., Pollacco et al., 2006; Gillon et al., 2012,
2016; Daylan et al., 2021).

For completeness, it is important to mention that other detection meth-
ods have been ingeniously devised. Some of these include gravitational
microlensing, and transit timing variations. In a nutshell, gravitational
microlensing refers to the deflection of light from a distant star, e.g.,
source, due to the presence of a massive object, a ‘lens’, in between the
source star and the observer (Gould, 2001). For the purposes of exo-
planet detection, the massive object is a planet-star system. By using
our understanding of how light bends as dictated by the principles of
general relativity, we can derive some knowledge about the planet-star
system and infer the presence of an exoplanet. On the other hand, detect-
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ing a planet by transit timing variations refers to inferring the presence
of a previously unknown planet due to changes in the timing of transits
of a known exoplanet (Agol et al., 2005). The gravitational interaction be-
tween a previously unknown body and the known exoplanet will result
in changes to its expected transit time. Specialized reviews of these and
other detection methods are available in Gaudi (2012); Wright & Gaudi
(2013) and Fischer et al. (2014).

1.2 a brief overview of exoplanet diversity

The last 30 years have witnessed an exponential growth in the sheer
number of exoplanets known to humankind. Since the detection of theMercury: 0.06 M⊕,

0.38 R⊕
Venus: 0.82 M⊕,

0.95 R⊕
Earth: 1.00 M⊕,

1.00 R⊕
Mars: 0.11 M⊕,

0.53 R⊕
Jupiter: 317.83 M⊕,

11.21 R⊕
Saturn: 95.16 M⊕,

9.45 R⊕
Uranus: 14.54 M⊕,

4.01 R⊕
Neptune: 17.15 M⊕,

3.88 R⊕

first exoplanet orbiting a sun like star (Mayor & Queloz, 1995), more
than 4200 exoplanets have been confirmed to date, with the majority of
them being larger than Earth (e.g., Borucki et al., 2011; Howard et al.,
2012; Petigura et al., 2013; Fulton et al., 2017, see also Figures 3 and 4).
The surprising range of phase space covered by these newly discovered
exoplanets made it clear that the distinct classification resulting from
our own solar system was insufficient. From a solar system perspective,
three main planetary classifications arise. First, we have the small close-
in rocky planets (i.e., Mercury, Venus, Earth, and Mars) with masses
close to Earth (e.g., ≲ 1M⊕). Second, we have the more distant, massive
gas giants (i.e., Jupiter and Saturn) with masses ≳ 100M⊕. Finally, fur-
thest out, we have the ice giants (i.e., Uranus and Neptune) with masses
∼ 14× and ∼ 17×, respectively, that of Earth. This classification in terms
of orbital separation and mass, falls short when trying to comprehend
the exoplanet diversity.

Figures 3 and 4 show the diversity in exoplanetary radius, orbital dis-
tances, period, and planetary mass for the 4384 exoplanets discovered at
the time of writing this work. Inspecting the population of discovered
exoplanets it becomes evident that, unlike the solar system, the popula-
tion of known exoplanets is continuous. Mass analogues of Jupiter, Sat-
urn, Uranus, and Neptune are abundant, although their orbits are closer
than that of Mercury around the Sun. Similarly, many planets with radii
between that of Earth and Neptune (i.e., super-Earths and mini Nep-
tunes) have been discovered. Planets like these, which fall between the
rocky planets and ice giants, do not have a direct analogue in our solar
system.

The considerable number of planets known to date has been largely
possible thanks to survey missions such as the Kepler/K2 space mis-
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Figure 3 Mass vs. semi-major axis distribution for confirmed exoplanets,
color coded by detection method. Planets without a known mass but an
estimate for their minimum mass (mass sin(i)) are included. Solar sys-
tem planets are shown for comparison using gold stars. Data obtained
from the NASA Exoplanet Archive.

sions, which are solely responsible for discovering almost half of the
planets known to date (Borucki, 2018). This large number of known ex-
oplanets has allowed us to start deriving some knowledge about the oc-
currence of exoplanets and their properties (see e.g., reviews by Howard,
2013; Fischer et al., 2014; Winn & Fabrycky, 2015; Désert et al., 2015;
Winn, 2018). So far, we know that most stars in our galaxy have planets
(e.g., Howard et al., 2012; Fressin et al., 2013; Winn & Fabrycky, 2015;
Zhu et al., 2018). Additionally, the most common type of planet is small
sized planets with radii somewhere between that of Earth and Neptune
(Fressin et al., 2013; Winn & Fabrycky, 2015). Many of these low-mass
exoplanets orbit M-dwarf hosts (Dressing & Charbonneau, 2015; Mul-
ders et al., 2015). The internal structure of this type of planet remains
not known; they could have rocky or icy interiors (e.g., Valencia et al.,
2013). Similarly, a detailed inventory of their atmospheric composition
remains elusive from mass and radius measurements alone.
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Figure 4 Radius vs. orbital period distribution for confirmed exoplanets,
color coded by detection method. Solar system planets are shown for
comparison using gold stars. Data obtained from the NASA Exoplanet
Archive.

This recently found exoplanetary diversity has opened up several
questions about planet formation and classification. As a consequence,
the scope of exoplanetary science has grown from detection to detailed
characterization of exoplanets. Our scientific goals now include obtain-
ing a better understanding of the internal composition of exoplanets
and that of their atmospheres, deciphering the formation and migration
histories of these worlds, and exploring the complex physical processes
they undergo. The key to solving many of these mysteries resides in
observations of their atmospheres.

1.3 atmospheric observations and characterization

In order to fully understand the nature of an exoplanet, we must turn to
its atmosphere. Observations of exoplanetary atmospheres enable infer-
ences about the presence of chemical species in the form of gases, con-
densates, and small-sized particles. Additionally, these observations can
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inform our understanding of the thermal structure of the atmosphere
and the dynamical processes occurring in it (e.g., the presence of winds
and circulation between the day side and night side of the planet). The
characterization of exoplanet atmospheres allows us to explore a rich
family of processes occurring on the planet, and even obtain hints of the
planet’s formation and migration history.

Detecting the presence of an exoplanet atmosphere is much more chal-
lenging than detecting the presence of the planet itself, requiring a sensi-
tivity orders of magnitude better. However, several techniques have been
successful in characterizing the atmospheres of exoplanets. These tech-
niques rely on detecting the thermal emission of the planet, variations
in the planet-to-star flux ratio, or the ratio between the planetary and
stellar radii. Below we discuss some of the methods by which we detect
and characterize exoplanet atmospheres.

1.3.1 Transit Spectroscopy

As explained in Section 1.1, transiting exoplanets are those that pass in
front of their host stars as viewed by an observer. In this configuration,
it is possible to detect exoplanets by observing the decrease in stellar
flux due to the transiting planet. This quantity, as previously mentioned,
is called transit depth. The transit depth or occultation (∆) refers to the
fractional flux deficit from the light curve (e.g., the brightness of the
planet-star system as a function of time, see Figure 5), and is propor-
tional to the projected area between the planet and the star (Seager, 2010;
Sing, 2018)

∆f

f
= ∆ ≃

(
Rp

Rstar

)2

, (1)

where the approximate equality corresponds to the case of an exoplanet
without an atmosphere. It is from the equation above that our previous
estimate of a transit depth of ∼ 1% for a Jupiter sized planet around a sun
like star, in Section 1.1, comes from. However, detecting the fractional
flux deficit due to the presence of an exoplanet atmosphere requires
detecting a much smaller signal.

When a planet with an atmosphere passes in front of its host star, a
small fraction of the star light will be filtered through the planet’s atmo-
sphere. Depending on its composition, the atmosphere will be opaque
or transparent at some wavelengths. This effect will make the planet
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Figure 5 Atmospheric characterization of exoplanets in a transiting ge-
ometry. During a planetary orbit, it is possible to monitor the planet-star
system light curve (bottom of the schematic). When the planet transits
the star (i.e., primary eclipse) and when the planet is occulted by the
star (i.e., secondary eclipse) there is a drop in the measured flux from
the light curve. When the change in transit depth as a function of wave-
length is measured, we obtain a transmission spectrum (top left). On the
other hand, when the change in eclipse depth is measured as a function
of wavelength we obtain a thermal emission spectrum (top right). Figure
adapted from Sing (2018).

seem to be larger or smaller at different wavelengths, and the transit
depth will respectively change. This apparent change in transit depth is
what encodes information about the chemical composition of the planet
atmosphere (Seager, 2010).

We can amend equation 1 to account for the presence of an opaque
atmosphere of height A as

∆ =

(
Rp +A

Rstar

)2

≈
R2

p + 2RpA

R2
star

, (2)

assuming the height of the atmosphere is much smaller than the plan-
etary radius (i.e., A << Rp). The height of the atmosphere is usually
compared to the atmospheric scale height (H) as these quantities are pro-
portional for a haze-free atmosphere (i.e., A ∝ H, Madhusudhan et al.,
2014a). The scale height is given by
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H =
kT

µg
, (3)

where k is the Boltzmann constant, T is the temperature of the planet’s
atmosphere, µ is the mean molecular weight, and g is the surface gravity
of the planet (Seager, 2010). The size of an opaque atmosphere (e.g., the
absorbing annulus of the planet’s atmosphere) can be approximated as
5–10 scale heights above the planet’s radius (Madhusudhan et al., 2014a).
Then, we can estimate the corresponding change in transit depth due to
an exoplanet atmosphere as

δ ≃
(
Rp + 5H

Rstar

)2

−

(
Rp

Rstar

)2

. (4)

Take for instance the prototypical hot Jupiter HD 209458 b (Rp =

1.36 RJ, g = 9.4 m s−2, T = 1450 K, Rstar = 1.155 R⊙, Torres et al., 2008;
Sing et al., 2016) and assume a mean molecular weight of µ = 2.3 atomic
mass units (i.e., a H-rich atmosphere). For such conditions we obtain a
scale height of H = 558 km and, assuming 5 scale heights as shown in
equation 4, an atmospheric height of A ∼ 2790 km. This means that the
nominal transit depth of ∼ 1.5% would increase by ∼ 0.085% at the wave-
lengths with strong atmospheric absorption (i.e., where the atmosphere
is opaque). These numbers exemplify the challenge of atmospheric char-
acterization; detecting the atmosphere of an exoplanet requires a preci-
sion at least an order of magnitude higher than that required to detect a
planet.

Inspecting equation 4 allows us to understand why most atmospheric
detections of transiting exoplanets correspond to hot gas giants. Atmo-
spheres with large scale heights are the easiest to characterize. There-
fore, planets with high temperatures (i.e., highly irradiated, short pe-
riod planets), low mean molecular weights (i.e., gas giants with H-rich
atmospheres), and/or weak surface gravity have large scale heights and
are prime targets for atmospheric characterization with the transit tech-
nique.

The opacity of the atmosphere is a wavelength dependent quantity.
This means that by measuring the chromatic (i.e., wavelength depen-
dent) change in transit depth, we are measuring the spectrum of the ex-
oplanet atmosphere. We call this technique primary transit spectroscopy,
and we call the chromatic change in transit depth a transmission spec-
trum. A transmission spectrum is essentially an absorption spectrum in
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which we can identify the signatures of different atoms and molecules
in the atmosphere of the exoplanet by their absorption of the stellar light
(Seager & Sasselov, 2000).
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Figure 6 Molecular cross sections for some of the species expected in
exoplanet atmospheres (e.g., Madhusudhan, 2012, 2019). The cross sec-
tions are shown from the optical to mid-infrared wavelengths. The top
of the figure shows the spectral range covered by different instruments
on board the upcoming JWST. The cross sections are shown for a tem-
perature of 1400 K and a pressure of 1 bar.

The absorption signatures of different chemical species can be inferred
by means of their cross sections. Figure 6 shows the cross sections of
some of the chemical species expected in the atmospheres of exoplan-
ets (e.g., Madhusudhan, 2012, 2019) in the optical and mid-infrared
wavelengths. If these chemical species are present in an exoplanet at-
mosphere, their spectral features will be embedded in the planet’s trans-
mission spectrum. Provided the observations are of sufficient spectral
coverage, resolution, and signal-to-noise, by measuring the wavelength
dependent variations in the transit depth we can constrain the presence
of the spectroscopically active species in a planet’s atmosphere.

Moreover, transmission spectroscopy is useful to identify other pro-
cesses that result in variations to chromatic transit depth. A particular
example of such chromatic variations is the presence of hazes, small
sized particles, that scatter light at characteristic frequencies and result
in spectral signatures that resemble Rayleigh scattering (e.g., Hubbard
et al., 2001; Sudarsky et al., 2003; Lecavelier Des Etangs et al., 2008). Ad-
ditionally, transmission spectroscopy can be useful to identify the pres-
ence of condensate clouds that absorb light at all frequencies (e.g., gray
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clouds) and mask or mute other spectral features (e.g., Seager & Sas-
selov, 2000; Hubbard et al., 2001). Finally, due to the temperature de-
pendence of both the cross sections and the scale height, we can make
initial inferences about the atmospheric temperature of the planet (Sea-
ger & Sasselov, 2000).

Transmission spectra of exoplanets are nowadays routinely obtained
in the optical and near-infrared using ground-based facilities such as
the Very Large Telescope VLT (e.g., Nikolov et al., 2016; Sedaghati et al.,
2017), Magellan (e.g., Rackham et al., 2017; Espinoza et al., 2019), and
the Gran Telescopio Canarias (e.g., Chen et al., 2017; Murgas et al., 2020),
and space observatories such as the Hubble Space Telescope (HST) (e.g.,
Charbonneau et al., 2002; Désert et al., 2008; Deming et al., 2013; Mandell
et al., 2013; McCullough et al., 2014; Kreidberg et al., 2014b; Sing et al.,
2016; Spake et al., 2018; Wakeford et al., 2020). In the optical, we ex-
pect to find signatures of atomic species such as sodium and potassium
(e.g., Seager & Sasselov, 2000; Sudarsky et al., 2003). On the other hand,
the near-infrared gives us sensitivity to species with signatures between
∼ 1–10 µm such as H2O, CH4, CO, and CO2 (e.g., Seager & Sasselov,
2000; Hubbard et al., 2001; Sudarsky et al., 2003; Madhusudhan et al.,
2014a, see also Figure 6). Indeed, it was observing in the optical with the
Space Telescope Imaging Spectrograph (STIS) that the first detection of
an exoplanet atmosphere and sodium absorption was observed by Char-
bonneau et al. (2002) in the canonical hot Jupiter HD 209458 b. Since
then, we have obtained transmission spectra of ∼ 50 exoplanets (Zhang,
2020), and over a dozen chemical species have been identified in ∼ 30 of
these worlds (Madhusudhan, 2019).

One of the advantages of transit spectroscopy is that it is not limited
to observations of primary transits only. Besides probing the atmosphere
of an exoplanet at the day-night terminator with primary transit obser-
vations, it is also possible to probe the day side of the planet using sec-
ondary transit observations. A secondary transit, or secondary eclipse,
refers to the moment when the planet passes behind the star and the
thermal emission of the planet is blocked. By measuring the wavelength-
dependent decrease in light when the planet crosses behind the star we
can obtain what is known as an emission spectrum.

The fractional flux deficit at secondary transit (see e.g, Figure 5) allows
us to effectively separate the light from the planet from that of the star.
This quantity, also referred to as eclipse depth, is proportional to the
planet-to-star flux ratio,



16 introduction

∆f

f
=

(
Fp

Fstar

)(
Rp

Rstar

)2

, (5)

where Fp and Fstar are the planetary and stellar surface flux, respec-
tively (Seager, 2010; Sing, 2018). We may approximate the star and planet
fluxes with their black body fluxes πB(T , λ), where B(T , λ) is the Planck
function for a given temperature T and wavelength λ. Then, the wave-
length dependent eclipse depth can be approximated as

∆f

f
=

B(Tp, λ)R2
p

B(Tstar, λ)R2
star

. (6)

As it can be inferred from equation 6, the eclipse depth of a planet isThe planet-to-star
flux contrast for an
Earth twin orbiting

a Sun-like star in
the visible is 10−10

(Seager & Deming,
2010).

largest when the planetary temperature is high. Therefore, hot Jupiters
which are heated by their host stars to temperatures > 1000 K are prime
targets for this characterization method. For instance, taking the above
system parameters for the canonical hot Jupiter HD 209458b (Rp =

1.36 RJ, T = 1450 K, Rstar = 1.155 R⊙, Torres et al., 2008; Sing et al.,
2016), an effective temperature of 6065 K for the host star (Torres et al.,
2008), and Equation 6, we can estimate the planet-to-star flux ratio in the
visible wavelengths (0.38–0.75 µm) to range from ∼ 10−11 to ∼ 10−7. On
the other hand, the planet-to-star flux ratio for the same system in the
near-infrared, near the 3.6 µm Spitzer photometric channel, is ∼ 10−3.
This estimated planet-to-star flux ratio of 0.1% is an order of magnitude
smaller than the estimated planet-to-star radius ratio of 1% for the pri-
mary transit of the same system. These order of magnitude estimates
help explain why the majority of these eclipse observations have been
done in the infrared.

Unlike transmission spectra, which probe the properties of the atmo-
sphere at the day-night terminator, emission spectra provide us informa-
tion about the properties at the day side of the planet. In this configura-
tion, we are sensitive to both spectral emission features and absorption
emission features. For instance, rising temperatures in the planet atmo-
sphere create the conditions for hot atmospheric gas to lie above cooler
atmospheric gas, resulting in spectral emission features. On the other
hand, if the temperature of the atmosphere decreases with higher al-
titudes, cold gas will overlay hot gas and spectral absorption features
will result. Lastly, if the atmosphere is isothermal the spectrum will lack
any spectral features. The ability to probe both emission and absorption
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spectral features allows us to probe the temperature of the atmosphere at
different regions. At wavelengths in which the atmosphere is relatively
transparent, we probe the atmospheric temperature deeper than in the
opaque regions of the atmosphere. This strong connection between the
presence of spectral features and temperature gradients makes emission
spectroscopy an outstanding tool for rigorously constraining the temper-
ature profile and chemical composition of exoplanet atmospheres.

As with transmission spectra, technological advancements such as the
Wide Field Camera 3 (WFC3) on board HST have enabled strong con-
straints on the composition and temperature structure of the day side of
multiple exoplanets (e.g., Kreidberg et al., 2014b; Line et al., 2016; Evans
et al., 2016; Arcangeli et al., 2018). One of the first emission spectra came
from Knutson et al. (2008) who used the photometric channels of the
Infrared Array Camera (IRAC) on the Spitzer Space Telescope to char-
acterize HD 209458 b. Since then, observations from space with Spitzer
and HST (e.g., Blecic et al., 2014; O’Rourke et al., 2014; Kammer et al.,
2015; Mansfield et al., 2018; Baxter et al., 2020), and ground-based fa-
cilities such as the VLT, the Canada-France-Hawaii Telescope (CFHT),
Magellan, among others (e.g., Sing & López-Morales, 2009; Wang et al.,
2013; Clark et al., 2018), have enabled observations of ∼ 30 exoplanets
(Zhang, 2020), with at least 5 different chemical species detected in over
half a dozen planets (Madhusudhan, 2019).

1.3.2 Other Atmospheric Characterization Methods

Besides the transit technique discussed above, other methods allow for
the atmospheric characterization of exoplanets by observing their ther-
mal emission. These methods include thermal emission phase curves
and direct imaging. Additionally, measurements of the Doppler shift of
the radiation emitted or absorbed by a planet’s atmosphere can been
performed via what is known as high resolution Doppler spectroscopy.
These three methods, briefly discussed below, are not limited to transit-
ing exoplanets.

The majority of the planets accessible for atmospheric characterization Planets at semimajor
axes ≲ 0.05 au (i.e.,
few day periods) are
expected to be tidally
locked (Seager,
2010).

have short periods (see e.g., Figure 4) and are tidally locked. As such,
most of these exoplanets have hotter and brighter day sides compared to
their cooler and dimmer night sides. By observing a planet throughout
its orbit, we can access the change in the system brightness during a full
orbit. The amplitude of this almost sinusoidal change can tell us about
the temperature gradient between the day side and night side (Seager,
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2010). By observing a phase curve, we are able to obtain a longitudinal
map of the planet’s temperature (e.g., Knutson et al., 2007; Cowan &
Agol, 2008, 2011; Stevenson et al., 2014, 2017; Bell et al., 2021). While this
method is easy to picture for a transiting planet, it has been successfully
applied to non-transiting exoplanets (e.g., Crossfield et al., 2010).

Phase curve observations allow measurements of the atmospheric prop-
erties as a function of orbital phase (e.g., Stevenson et al., 2014). For ex-
ample, these observations allow for the identification of the hottest and
coldest regions of the atmosphere. If these regions lie on the substel-
lar and antistellar points, we could infer the absence of strong winds
in the exoplanet atmosphere. On the other hand, if the hottest region
of the atmosphere has been shifted away from the center of the day
side of the planet, we may infer the presence of strong winds and learn
about the dynamics of the atmosphere (e.g., Showman & Guillot, 2002;
Zhang et al., 2018). Furthermore, if these are wavelength dependent
phase curves, we could map the planetary emission spectrum as a func-
tion of longitude (e.g., Knutson et al., 2009; Stevenson et al., 2014), and
constrain the chemical composition including the presence of clouds at
different longitudes (e.g., Demory et al., 2013; Parmentier et al., 2016).
Parmentier & Crossfield (2018) present a detailed review of phase curve
observations.

Although so far we have spoken mainly about planets in very close
orbits, we can also characterize exoplanet atmospheres on wider orbits.
For planets that are well separated from their host star, far enough so
that they can be spatially resolved by our telescopes, we can in principle
obtain a spectrum of their thermal emission. This technique is known as
direct imaging spectroscopy and is conceptually straightforward. Direct
imaging spectroscopy favors observations of very bright planets distant
from their host star, and as such has been mostly applied to young sys-
tems with planets emitting the residual heat from their formation (Mad-
husudhan et al., 2014a). Therefore, direct imaging spectroscopy provides
us a complementary window into the formation and migration path-
ways of exoplanets.

Direct imaging spectroscopy requires high-contrast instruments on
large-aperture telescopes. As a consequence, this technique has been lim-
ited to ground-based facilities such as Keck, Gemini, Subaru, and VLT.
While far fewer exoplanets have been characterized using direct imaging
spectroscopy, those characterized by this method generally have spectra
at higher resolution and/or precisions by virtue of the state-of-the-art
facilities used for this purpose (e.g., Rajan et al., 2017; Konopacky et al.,
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2013; Greenbaum et al., 2018). A detailed review of photometric and
spectroscopic observations of directly imaged planets is presented in
Biller & Bonnefoy (2018).

Lastly, there is high resolution Doppler spectroscopy. This method has
been recently applied to a wide variety of exoplanets (e.g., Snellen et al.,
2008; Brogi et al., 2012, 2014; Birkby et al., 2017; Hoeijmakers et al., 2018;
Giacobbe et al., 2021), and has resulted in the detection of multiple chem-
ical species, including ionic species, in over a dozen planets (e.g., Birkby,
2018; Madhusudhan, 2019). This method corresponds to observing the
high resolution (R ∼ 105) spectra of the planet-star system. The result-
ing spectra will contain information on both the planet and the star.
However, as the planet orbits the star, the planetary spectral lines will
undergo a Doppler shift due to the radial velocity of the planet (Birkby,
2018). By observing the Doppler shift of these spectral lines, we can con-
strain the chemical species present in the exoplanet atmosphere.

High resolution Doppler spectroscopy can resolve the broadening of High resolution
Doppler
spectroscopy
facilities include
Subaru, VLT, NASA
Infrared Telescope
Facility, CFHT,
Gemini, Keck, the
Telescopio Nazionale
Galileo, among
others.

spectral features and precisely measure wavelength shifts in absorption
lines that arise from changes in the radial component of the planet’s
orbital velocity. This additional information can be used to derive con-
strains on the dynamical processes, such as the presence of winds, on
exoplanet atmospheres (e.g., Snellen et al., 2010; Showman et al., 2013;
Zhang et al., 2017). Furthermore, high resolution Doppler spectroscopy
can be applied to non-transiting exoplanets. This has made possible de-
tecting numerous chemical species in exoplanets that would not be acces-
sible by means of the transit technique. Some exemplary cases include
the detection of CO in τ Boötis b (Brogi et al., 2012) and H2O in 51 Pegasi
b (Birkby et al., 2017).

1.4 atmospheric modeling

The last couple decades witnessed a revolution in our understanding
of exoplanets and the nature of their atmospheres. Since the detection
of an atmosphere in the first transiting exoplanet (Charbonneau et al.,
2002), spectroscopic observations of exoplanet atmospheres have pro-
vided meaningful insights into the composition and structure of these
worlds. A key aspect of the interpretation of these observations is their
confrontation to theoretical expectations in the form of theoretical mod-
els. Atmospheric models are routinely utilized to explain the observa-
tions of an exoplanet atmosphere, provide a fit to them, and explore
the relevant physical processes that may occur in these alien worlds.
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Two complementary modeling paradigms have emerged to interpret ex-
oplanet atmospheres, forward and inverse models. Below we present an
overview of these complementary techniques, and refer the reader to
appropriate reviews for a more targeted perspective (Marley & Robin-
son, 2015; Heng & Showman, 2015; Fortney, 2018; Heng & Marley, 2018;
Madhusudhan, 2018).

1.4.1 Forward Models

Forward models, also referred to as self-consistent models, produce a
synthetic atmospheric spectrum for a given set of assumptions. As the
name suggests, we establish a series of assumptions and ‘move forward’
to produce a spectrum which, if desired, can be compared to observa-
tions. A key aspect of these models resides in their assumptions, which
aim to incorporate physical and chemical processes in a self-consistent
way. This modeling paradigm is advantageous for predicting the spec-
troscopic signatures of a given atmospheric property (e.g., determining
the observable signatures of a process of interest in order to plan for ob-
servations), presumptive understanding of atmospheric processes under
varied conditions, and preparatory data interpretation.

The complexity and assumptions in these models is varied. Model
complexity ranges from one-dimensional atmospheres (e.g., Seager &
Sasselov, 1998; Hubeny et al., 2003; Fortney et al., 2005, 2008; Burrows
et al., 2008; Mollière et al., 2015; Gandhi & Madhusudhan, 2017; Goyal
et al., 2018) to full three-dimensional general circulation models (GCMs,
e.g., Showman & Guillot, 2002; Showman et al., 2009; Cho et al., 2003;
Dobbs-Dixon & Lin, 2008; Kataria et al., 2013; Mayne et al., 2014). Typi-
cal model assumptions include adopting certain elemental compositions
(e.g., solar abundances), radiative-convective equilibrium, and thermo-
chemical equilibrium. Models use the assumption of thermo-chemical
equilibrium to determine the chemical compositions for an assumed
temperature, pressure, and elemental abundance. The assumption of
radiative-convective equilibrium would allow for computing a pressure-
temperature profile that is consistent with the atmospheric chemistry.
The treatment of these assumptions is varied in the literature with vary-
ing degrees of flexibility and complexity. In depth reviews of these frame-
works and their assumptions are available in Hubeny (2017); Gandhi &
Madhusudhan (2017) and Zhang (2020).

Sophisticated physical processes have been modeled on more com-
plex, three-dimensional, GCMs. These models can be used to compute
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and predict the chemical composition, temperature structure, dynam-
ical processes (e.g., winds), and cloud formation on exoplanet atmo-
spheres as a function of latitude and longitude. These outputs can be
then ‘post-processed’ to generate a synthetic spectrum. The use of these
more intricate models has been instrumental to predict and understand
equatorial jets in strongly irradiated Jupiters (e.g., Showman & Guillot,
2002; Kataria et al., 2016), the formation of condensates (e.g., Parmen-
tier et al., 2018; Roman & Rauscher, 2019), and phase curve observations
(e.g., Showman et al., 2008; Lines et al., 2018). The complexity of these
models makes them computationally expensive, an important limitation
when trying to explore a wide range of physical properties. We refer the
reader to Heng & Showman (2015) and Zhang (2020) for further reviews
on these methods.

1.4.2 Inverse Models

A key approach employed to infer atmospheric properties from spectra
are inference methods known in the exoplanetary literature as retrieval
methods or inverse models. These inverse models are used to derive
the atmospheric properties of an exoplanet by coupling an atmospheric
model with a statistical inference algorithm. They are referred to as in-
verse models because, given an observed spectrum, a retrieval aims to
disentangle the physical properties of the exoplanet atmosphere, e.g., it
works its way back from a set of observations. Applying retrievals on re-
liable data sets allows for constraints on the chemical composition, pres-
sure and temperature structure, and the presence of clouds and hazes
in a planetary atmosphere (e.g., Madhusudhan & Seager, 2011; Mad-
husudhan et al., 2014b; Kreidberg et al., 2014b, 2015; Nikolov et al., 2018;
Wakeford et al., 2018; Barstow et al., 2017; Pinhas et al., 2019). The ap-
plication of this powerful framework to exoplanet transmission spectra
has undoubtedly changed the way in which we interpret these observa-
tions (e.g., Madhusudhan & Seager, 2009; Line et al., 2012; Kreidberg
et al., 2014b, 2015). Their flexibility and statistical rigor permit the data
to drive the inferred solutions.

The advent of retrievals was motivated by what is known as the ‘de-
generacy problem’ (see e.g., Madhusudhan & Seager, 2009). While a
model spectrum can in principle provide a reasonable fit to an observed
spectrum by means of some goodness of fit metric (e.g., χ2), it is not
possible to know from this model alone if it represents the best solution
or the only solution for the data. Using single forward models to derive
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any inferences from a data set can leave vast areas of parameter space
unexplored and unconsidered, resulting in ignorance about any possible
parameter degeneracies and little statistical rigor when claiming any de-
tections or parameter constraints. The retrieval method offers a solution
to this problem by fitting an atmospheric model to a data set using a sta-
tistical inference framework and providing model parameter estimates
and their associated uncertainties.

Figure 7 Schematic of an inverse model framework, also known as re-
trieval. An atmospheric retrieval framework combines an atmospheric
forward model model with a parameter estimation scheme to derive sta-
tistical inferences on the model parameters from an observed spectrum
(data). The typical considerations (e.g., components) of a parametric at-
mospheric model are shown on the right of the schematic. The paramet-
ric model considers a series of free parameters that usually correspond
to the pressure-temperature structure of the atmosphere, the chemical
composition of the atmosphere, and the presence/properties of cloud-
s/hazes. The parameter estimation scheme derives statistical inferences
of the model parameters (e.g., posterior probability density functions)
given a data set. The derived inferences on the model parameters can
be used to interpret the atmospheric properties of the exoplanet (e.g.,
chemical abundances of different species). Figure obtained from Mad-
husudhan (2018).

At its core, a retrieval framework is composed of two parts: a paramet-
ric atmospheric model and a parameter estimation scheme (see Figure 7).
The parametric atmospheric model is used to compute an atmospheric
spectrum given a set of parameters. These free parameters aim to cap-
ture the properties of the planet atmosphere, the pressure-temperature
profile, the abundances of the different chemical species present in the
atmosphere, the presence of clouds and hazes, etc., with no prior as-
sumptions about chemical or radiative equilibrium2. The atmospheric

2 While the retrieval frameworks in this dissertation do not have prior assumptions about
chemical or radiative equilibrium, other retrieval frameworks have included the a priori
imposition of physical processes such as equilibrium chemistry (e.g., Line et al., 2016;
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model uses these parametric forms to compute a model spectrum more
easily and with fewer physical constraints than the forward models, with
several computationally expensive assumptions, discussed previously.
Nonetheless, the parametric models in a retrieval framework usually
assume hydrostatic equilibrium and local thermodynamic equilibrium.

The second key component in a retrieval framework is a parameter es-
timation scheme. Such scheme must be able to sample high-dimensional
spaces corresponding to the number of free parameters in the model.
Additionally, the exploration of the parameter space must be done effi-
ciently as to find all possible model degeneracies and provide a model
solution for a given data set. The first retrieval code (Madhusudhan &
Seager, 2009) performed the parameter estimation using a large model
grid (107 models of 10 parameters each). Despite the large number of
models in the grid, this approach resulted in a limited exploration of
the parameter space. To address these limitations, subsequent studies
adopted more robust statistical optimization algorithms (e.g., Madhusud-
han & Seager, 2011; Line et al., 2013; Lee et al., 2013; Benneke & Seager,
2013; Waldmann et al., 2015a; Lavie et al., 2017; Wakeford et al., 2017a;
MacDonald & Madhusudhan, 2017a; Gandhi & Madhusudhan, 2018).
The next iteration of codes (e.g., Madhusudhan & Seager, 2011; Line
et al., 2013; Wakeford et al., 2017a) used Markov chain Monte Carlo
(MCMC) (e.g., Tegmark et al., 2004; Foreman-Mackey et al., 2013), pro-
viding a better parameter exploration of the parameter space but with
limitations in calculating the model evidence for model comparison.
Concurrently and with a background from solar system studies (e.g.,
Rodgers, 1976), Optimal Estimation (OE, e.g, Rodgers, 2000) was im-
plemented in retrievals (Irwin et al., 2008; Lee et al., 2013). The next
generation of retrieval codes (e.g., Benneke & Seager, 2013; Waldmann
et al., 2015a; Lavie et al., 2017; MacDonald & Madhusudhan, 2017a;
Gandhi & Madhusudhan, 2018) came to light with the implementation
of the nested sampling algorithm (Skilling, 2006), facilitating the param-
eter space exploration and calculation of model evidence. We present in
Chapter 4 a more specialized summary of the existing retrieval frame-
works in the field, while Madhusudhan (2018) presents a comprehensive
overview of the extensive evolution of retrieval methods.

The absence of thermo-chemical and radiative-convective equilibrium
assumptions allow retrievals to capture deviations from theoretical ex-
pectations. These inverse methods can explore a wide range of atmo-
spheric properties ranging from ‘Earth-like’ temperate planets with tem-

Al-Refaie et al., 2019; Zhang et al., 2020) or modules to assess deviations from chemical
and radiative-convective equilibrium (e.g., Gandhi & Madhusudhan, 2018).
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peratures below 300 K to ultra-hot Jupiters with H-rich atmospheres be-
yond 3000 K. As a result, retrievals could better inform our understand-
ing of the enormous complexity and diversity in exoplanet atmospheres
without being confined to a priori expectations. Nonetheless, while ro-
bust in their exploration of the parameter space, inverse methods do not
assess the physical plausibility of the inferred properties. Although re-
trievals are powerful tools, they must be used with due care and their
inferences must be contextualized by their model assumptions.

1.4.3 Forward or Inverse?

Forward and inverse models are not mutually exclusive. Careful inter-
pretation of exoplanet atmospheres requires both forward and inverse
models. While each approach has its own strengths and weaknesses,
forward and inverse models are complementary to each other. The thor-
ough characterization of exoplanet atmospheres will benefit from the a
priori theoretical understanding that forward models provide and the
statistical rigor offered by inverse models. The atmospheric properties
derived from an inverse model can be inspected using forward models
and assessing their agreement, or lack thereof, with equilibrium assump-
tions. The presence of any disagreements between modeling approaches
signals the need for model refinement and theoretical insight. By using
both methods in a complementary fashion, we can place reliable and
robust constraints on the physical processes considered by our models
and revisit our presumptions about the nature of these alien worlds.

1.5 the science embedded in an exoplanet atmosphere

The science embedded in an atmospheric spectrum is plentiful. There is
a myriad of scientific questions that can be addressed using exoplane-
tary atmospheric observations. Additionally, different observations (e.g.,
at different spectral ranges) provide distinct windows into the nature of
exoplanets and their atmospheres. Below we briefly describe some of the
main categories for these science topics.

1.5.1 Atmospheric Physics

Naturally, observations of exoplanet atmospheres allow for inferences
of the physical and dynamical process taking place in them. The infor-
mation derived, however, depends on the observations and the regions
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of the atmosphere they probe. The atmosphere of an exoplanet and its
regions, the processes that may be present in them, and the type of ob-
servations that can probe them are represented in the schematic shown
in Figure 8. Here we explore the different processes that can occur in an
exoplanet atmosphere as a function of pressure.

Figure 8 Schematic of the diverse processes that may be present in an
exoplanet atmosphere. Different parts of the atmosphere, and different
chemical species, can be probed at different wavelengths. The right side
of the schematic shows the typical regions of the atmosphere and the
parts of the electromagnetic spectrum that can probe them (e.g., infrared,
optical, and UV). The middle of the schematic shows the different pro-
cesses that may be present in an exoplanet atmosphere. The left side
shows illustrative temperature profiles for exoplanet atmospheres: pro-
files for highly irradiated planets with thermal inversions (red) or with-
out thermal inversions (blue), and a profile for poorly irradiated planets
(gray).

Deep in the atmosphere, at the highest pressures (e.g., P ≳ 1 bar in Fig-
ure 8), equilibrium conditions such as radiative-convective and thermo-
chemical equilibrium dominate the physics of the atmosphere due to the
high pressures, temperatures, opacities, and densities. The high opaci-
ties make it difficult to probe this region of the atmosphere directly, as
by definition this region is opaque or optically thick. As we move to-
wards lower pressures, the atmospheric density and opacity decrease,
making this region of the atmosphere accessible by longer wavelength
observations (e.g., infrared, ∼ 0.8–20µm). This pressure range, the bar to
millibar level, is what is usually probed by transit spectroscopy. As the
schematic in Figure 8 shows, this region of the atmosphere is affected by
various processes such as atmospheric dynamics (e.g., atmospheric cir-
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culation and vertical mixing), thermal inversions (i.e., statospheres, e.g.,
Haynes et al., 2015; Evans et al., 2017), the formation and presence of
clouds and hazes, and their interactions with the incident radiation and
atmospheric composition. The interactions between these atmospheric
processes, the atmospheric chemical composition, and the atmospheric
temperature structure may lead to thermo-chemical disequilibrium. This
part of the atmosphere is mainly composed of molecular species such as
H2O, CO, CH4, NH3, and others depending on the temperature of the
planet (see e.g., Madhusudhan, 2012; Woitke et al., 2018).

The mid to high atmosphere, from the millibar to microbar level, can
be probed in the optical. At these lower pressures, and lower densities,
photochemical processes may dominate the physics of the atmosphere.
The increased radiation received by this part of the atmosphere can lead
to photodissociation of some chemical compounds into their constituent
atomic species, and the ionization of atomic species. Therefore, this part
of the planetary atmosphere is mainly composed of atomic species and
some ionic species. The highest part of the atmosphere, at pressures
lower than the microbar level, can be susceptible to atmospheric escape
(see e.g., Vidal-Madjar et al., 2003; Bourrier et al., 2013; Spake et al., 2018;
Allart et al., 2018). This highest part of the atmosphere, where the com-
position is mostly atomic and ionic, can be probed by UV observations
(see e.g., Vidal-Madjar et al., 2003, 2004; Fossati et al., 2010; Bourrier
et al., 2013; Ehrenreich et al., 2015; Bourrier et al., 2018; Wakeford et al.,
2020).

All together, exoplanets are powerful laboratories to test our atmo-
spheric models. Observations of these exoplanets in the UV, optical,
and/or infrared can provide new insights into how nature works over
a much wider range of physical conditions than here on planet Earth.
Particularly, the short periods of most transiting exoplanets, their strong
irradiation, and their tidal lock can make these worlds prime targets
to explore and understand strong day-night temperature contrasts, pho-
tochemical processes, and additional physical processes uncommon in
other astrophysical objects.

1.5.2 Clouds and Hazes

Clouds and hazes are ubiquitous in the solar system planets and ex-
oplanet atmospheres. An important distinction, however, is that most
exoplanets found and characterized to date are significantly hotter than
most planets in the solar system. Therefore, the composition of the clouds
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and hazes that may be present in hot exoplanets will be significantly
different to our solar system expectations. Indeed, the temperature of
these hot Jupiters is close to the condensation temperatures of silicates
and iron, making such condensation clouds a theoretical possibility (Sea-
ger & Sasselov, 2000). While silicates and metal oxides are expected to
be the main cloud components for hotter atmospheres, sulphur-bearing
compounds can be expected for cooler atmospheres (e.g., Morley et al.,
2012; Wakeford & Sing, 2015; Sing et al., 2016; Helling, 2019). As for
their origin, clouds are thought to be the result of condensation chem-
istry while hazes are thought to be the result of photochemistry or other
non-equilibrium chemical process (Marley et al., 2013; Helling, 2019).
Clouds and hazes are important for the physical processes in an atmo-
sphere as their presence or absence can have strong implications for the
atmospheric chemistry, radiation transport, and energy budget (Marley
et al., 2013).

The presence of clouds and hazes is expected to have an imprint in
the transit spectra of exoplanets in the form of muted (e.g., weaker)
spectral features (e.g., Marley et al., 1999; Brown, 2001; Fortney, 2005;
Kitzmann et al., 2011; Sing et al., 2016) and Rayleigh-like slopes in the
optical (e.g., Seager & Sasselov, 2000; Pont et al., 2008; Lecavelier Des
Etangs et al., 2008). Several forward models have explored the formation
and spectral imprint of clouds and hazes in exoplanet atmospheres (e.g.,
Ackerman & Marley, 2001; Helling et al., 2008; Wakeford & Sing, 2015;
Pinhas & Madhusudhan, 2017). These models have ranged from sim-
ple one-dimensional semi-analytic/parametric approaches (e.g., Lecave-
lier Des Etangs et al., 2008; Heng et al., 2012; Pont et al., 2013; Line
& Parmentier, 2016; Heng, 2016; Powell et al., 2018), to more complex
three-dimensional GCMs (e.g., Parmentier et al., 2013; Lee et al., 2016;
Lines et al., 2019; Steinrueck et al., 2021). Nonetheless, sometimes even
the most complex of models fail to explain (i.e., fit) current low reso-
lution observations of hot Jupiters (e.g., Lines et al., 2019; Steinrueck
et al., 2021). Determining the specific spectral characteristics of clouds
and hazes as a function of wavelength, pressure, temperature, chemical
composition, particle size, etc., is an active area of research in exoplanet
sciences being addressed not only via the theoretical advancements de-
scribed above but also through state-of-the-art laboratory experiments
(e.g., Hörst et al., 2018; Moran et al., 2020).

On the other hand, the inference of clouds and hazes using inverse
models is performed adopting parametric models. These parametric
models aim to reproduce the theoretically expected imprints of clouds
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and hazes in a spectrum (e.g., weaker features due to clouds, or Rayleigh
like slopes due to hazes) without necessarily translating to a physi-
cal interpretation. The majority of existing parametric cloud and haze
treatments in atmospheric retrievals (e.g., Lecavelier Des Etangs et al.,
2008; Lee et al., 2013; Line & Parmentier, 2016; MacDonald & Mad-
husudhan, 2017a; Kitzmann & Heng, 2018; Barstow, 2020) serve the
goal of marginalizing their impact so as not to bias inferences of the
atmospheric composition or vertical temperature structure. This goal
has been deemed acceptable considering current low resolution spectro-
photometric observations. Nonetheless, the rapid progress of the field
and the promise of next-generation observational facilities invites us to
reconsider this goal and explore the possibility of inferring fundamental
cloud and haze physical properties using yet to be developed, more so-
phisticated, parameterizations. Such parameterizations will largely aid
from the physical understanding that forward models can provide.

1.5.3 Planet Formation

Exoplanet atmospheres can provide a powerful record of their planetary
formation and migration history. Their observed chemical composition
is a ‘journal’ describing where the planet formed, how it formed, and
the processes experienced during its lifetime. In a nutshell, the present
chemical composition of the planet atmosphere is a product of the for-
mation environment (e.g., the composition of the gas and solids in the
protoplanetary disk at a particular time and location, Öberg et al., 2011;
Eistrup et al., 2018). However, deciphering this ‘journal’ is non-trivial
and is one of the most ambitious goals of exoplanetary science. Sev-
eral studies have explored the observable composition of exoplanet at-
mospheres and their connections to different formation pathways (e.g.,
Mousis et al., 2012; Helling et al., 2014; Madhusudhan et al., 2014c; Mor-
dasini et al., 2016; Booth et al., 2017). Below we present an introductory
overview of this active area of research.

Conceptually, the first step is to consider how planets are formed.
Two main theories for planet formation are widely considered: gravi-
tational instability (e.g., Boss, 1997, 2000) and core accretion (e.g., Pol-
lack et al., 1996; Lissauer, 2004) . Gravitational instability is the process
that happens when thermal pressure inside the disk is overwhelmed
by the disk’s self gravity and it collapses into planetary-mass fragments
(Boss, 1997). Gravitational instability is thought to happen early in the
history of the disk, when there has been little time for chemical pro-
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cessing (D’Angelo & Lissauer, 2018). Therefore, planets formed by this
mechanism are expected to have the same bulk composition as their local
protoplanetary disk material. If we assume that the initial composition
of the protoplanetary disk is the same as the host star, planets formed by
gravitational instability will have the same metallicity as their host stars.
Core accretion, on the other hand, refers to the process in which col-
lisions of planetesimals form a protoplanetary core. Once formed, and
once the protoplanetary core reaches a threshold mass, the core can ac-
crete surrounding gas from the protoplanetary disk (Pollack et al., 1996).
If the accreting core is massive enough to retain sufficient gas, the accre-
tion will happen in a runaway fashion, and the resulting planet will be
a gas giant. Otherwise, if the core could not accrete enough gas to reach
the runaway accretion stage, the resulting planet could be a super-Earth
(Schlichting, 2018). The metallicity of the planets formed by core accre-
tion will depend on the composition of the material accreted in both gas
and solid phases.

Theoretical studies have investigated the atmospheric imprint of these
formation processes. For instance, using models for the formation and
evolution of exoplanets (e.g., so called population synthesis models)
Fortney et al. (2013) and Mordasini et al. (2016) suggest that planet for-
mation by core accretion results in increasing atmospheric metallicity
(e.g., the abundance of elements other than H and He) with decreas-
ing mass. If the planet is small and cannot accrete significant amounts
of gas, the accreted planetesimals will largely contribute to its metallic-
ity. This trend of increasing metallicity with decreasing planetary mass
seems to be present for the giant planets in our solar system. The de-
rived metallicity from the methane abundance in Jupiter, Saturn, Nep-
tune, and Uranus (Atreya et al., 2018) shows a trend of decreasing metal
enrichment with increasing mass. Therefore, we could extend these pre-
dictions to exoplanetary atmospheres and aim to distinguish the process
by which they formed. If formed by core accretion, lower mass planets
will have a higher metallicity. Conversely, if the planets formed by gravi-
tational instability, the atmospheric composition will be that of the local
protoplanetary disk and could in principle match the metallicity of their
host star.

A second step in our conceptual understanding of planetary forma-
tion is to consider where and when planets form. For that, we must
consider the evolution of the protoplanetary disk. The thermodynamic
properties of the disk will change with time, especially as the disk cools
in time. As the disk cools, the snow lines of different chemical species
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(i.e., the regions in space where sublimation happens) move closer to
the star. This movement of the snow lines results in the evolution of the
composition of the protoplanetary disk as a function of time and space.
The snow lines commonly considered are those for H2O, CO2, CO, CH4,
and N2, listed here in order from closest to furthest from the host star. In-
side a snow line, the chemical compound contributes to the composition
of the gas in the disk, whereas outside the snow line the compound re-
mains in solids. Therefore, for example, the gas composition beyond the
CO2 snow line is dominated by CO and is poor in other oxygen-bearing
molecules. This results in an increasing ratio between carbon-bearing
molecules and oxygen-bearing molecules (C/O) in the gas composition
of the disk (Öberg et al., 2011).

Consequently, the chemical composition of a planet will depend on
where and when it formed as the composition of the material available
will also change as a function of time and location. Additionally, since
planets can migrate through the disk, their composition will be affected
by their migration history and the composition of the material they ac-
crete. By comparing the ratios of different chemical compositions (e.g.,
C/O) we can obtain valuable information about the location in the disk
in which the planet formed and the physical properties of the accre-
tion disk. Therefore, constraining the atmospheric C/O ratio in order
to constrain the planetary formation and migration mechanisms (e.g.,
Madhusudhan et al., 2014c) is a key science goal of atmospheric charac-
terization of exoplanets.

Clearly, what started as a basic picture rapidly becomes a more com-
plex history of interconnected and stochastic processes. As such, pin-
pointing the exact formation history of an exoplanet from its present-day
atmospheric abundance alone is a challenging and daunting task. An al-
ternative approach is to address population level hypotheses regarding
the origin and evolution of planets by using atmospheric observations
of multiple exoplanets and theoretical studies that simulate the differ-
ent formation and evolution scenarios (e.g., Madhusudhan et al., 2014c;
Mordasini et al., 2016; Cridland et al., 2016; Ali-Dib, 2017; Madhusud-
han et al., 2017; Booth et al., 2017). Detailed overviews of end-to-end
studies, their connection to observations, and planet formation mecha-
nisms are available in Madhusudhan et al. (2016); D’Angelo & Lissauer
(2018); Mordasini (2018) and Madhusudhan (2019).
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1.5.4 Habitability and Biosignatures

Arguably the most tantalizing aspect of exoplanetary atmospheric sci-
ence is the assessment of habitability and detection of biosignatures. The
commonality of Earth-sized exoplanets (e.g., Fulton et al., 2017, see also
Section 1.2) and the fact that many of these have equilibrium temper-
atures conducive for liquid H2O to exist on their surfaces (Madhusud-
han, 2019), suggest that other planets with habitable conditions as we
know on Earth could exist. While an Earth-twin has yet to be discov-
ered and atmospherically characterized, the atmospheric characteriza-
tion of terrestrial exoplanets around M-dwarfs (e.g., TRAPPIST-1, Gillon
et al., 2016; de Wit et al., 2018) and the technical improvements in up-
coming observational facilities (e.g., JWST, Greene et al., 2016), and the
30m-Class Telescopes (e.g., Snellen et al., 2013; Rodler & López-Morales,
2014) make the detection of life signatures beyond Earth a goal attain-
able within our lifetime. Below we briefly summarize two aspects related
to atmospheric model improvement as a preparatory effort towards the
detection of biosignatures and assessment of habitability. We refer the
reader to specialized reviews on the multiple considerations surround-
ing planet habitability and its detectability (e.g., Madhusudhan et al.,
2016; Meadows & Barnes, 2018; Fujii et al., 2018; Catling et al., 2018;
Seager, 2018; Madhusudhan, 2019).

The existence of an absolute biosignature is an active area of research.
As suggested by Seager et al. (2016), a biosignature should not have false
positives, it should have strong spectral features to be detectable, and it
should be abundant enough to be detectable. Multiple individual chem-
ical species, or combinations of them, have been put forward as possible
biosignatures including O2, O3, N2O, and CH4 (e.g., Lederberg, 1965;
Lovelock, 1965; Schindler & Kasting, 2000; Segura et al., 2003; Kalteneg-
ger et al., 2007). Whether these chemicals and their combinations can
have abiotic origins is still being investigated (Wordsworth & Pierrehum-
bert, 2014; Luger & Barnes, 2015; Harman et al., 2015). However, if and
when a definitive biosignature is proposed, the reliability of any associ-
ated detection will be paramount. As a result, the development of robust
and reliable atmospheric models that can help detect such biosignature
is a complementary first step that must be taken. When the time comes,
atmospheric forward and inverse models will have to inform the confi-
dence of the detection and the atmospheric processes that could have
had an impact on it.
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Secondly, the information encoded in the atmospheric observations
of an exoplanet will advance our understanding of its possibly habit-
able conditions. An exoplanet residing in the habitable zone of its host
star is not habitable by default. Additional considerations such as the
amount of UV radiation to which the planet is subject, could determine
whether the planet is amenable to life as we know it (e.g., Segura et al.,
2010; Kaltenegger, 2017). Moreover, as explained in Section 1.5.1, atmo-
spheric observations of these planets could inform our understanding of
their vertical temperature structure, overall chemical composition, and
the possibility of chemical disequilibrium, all important factors in the
assessment of potential habitability. Recent studies have used these in-
ferences as a starting point for end-to-end modeling of the atmosphere
and interior of the planet in order to appraise the potential for habit-
able conditions (Madhusudhan et al., 2020). Consequently, in our efforts
to characterize Earth-like planets around nearby stars, we must acquire
a thorough understanding of the limits of the data and models used
to reliably extract physical parameters such as atmospheric pressure-
temperature and chemical abundances.

1.6 scope of this thesis

Throughout this introduction, we have presented an overview of the dif-
ferent methods to detect and characterize exoplanet atmospheres. While
they are all complementary and powerful in their own ways, this dis-
sertation focuses on the interpretation of transmission spectra. As pre-
viously explained, transmission spectra encode information about the
atmosphere at the day-night terminator of the planet, through a wave-
length dependent change in the apparent size of the planet. Particularly,
transmission spectroscopy has been key in detecting and quantifying the
abundances of multiple molecules and atoms (e.g., Charbonneau et al.,
2002; Deming et al., 2013; Kreidberg et al., 2014b, 2015; Nikolov et al.,
2018; Wakeford et al., 2018), as well as providing some insight into the
clouds and hazes present in exoplanet atmospheres (e.g., Pont et al.,
2008; Sing et al., 2016; Nikolov et al., 2018; Benneke et al., 2019b).

The multiple advancements described above attest to the maturity of
the field. However, many areas remain unexplored and in need of devel-
opment. As we advance towards the next scientific horizon in exoplanet
characterization, questions about the robustness and reliability of our in-
terpretations arise. Reliable atmospheric characterization requires deep
understanding of the limitations and abilities of our atmospheric models.
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Armed with this understanding, we can begin to perform homogeneous
studies to interpret currently available spectroscopic observations. More-
over, the promise of an incoming diverse population of exoplanets with
spectroscopic observations highlight the need for generalized and agnos-
tic atmospheric interpretation tools. Here we briefly provide an outline
of the motivation and underlying questions for the work contained in
this thesis.

1.6.1 Understanding Degeneracies in Retrievals of Exoplanetary Transmis-
sion Spectra

Accurate estimations of atmospheric properties of exoplanets from trans-
mission spectra require the understanding of degeneracies between model
parameters and observations that can resolve them. In Chapter 2 we
conduct a systematic investigation of such degeneracies using a com-
bination of detailed atmospheric retrievals and a range of model as-
sumptions, focusing on H2-rich atmospheres. As a case study, we con-
sider the well-studied hot Jupiter HD 209458 b. We perform extensive
retrievals with models ranging from simple isothermal and isobaric at-
mospheres to those with full pressure-temperature profiles, inhomoge-
neous cloud/haze coverage, multiple molecular species, and data in the
optical-infrared wavelengths. Our work aims to provide insights into the
following questions:

• What are the data and model combinations that allow for precise
estimates of chemical abundances using transmission spectra?

• Are there any inherent model degeneracies that fundamentally hin-
der parameter inferences?

• What are the minimum model considerations required to adequately
interpret current spectroscopic observations?

Through this work we explore the adequacy or inadequacy of both
simplified semi-analytic models with isobaric assumptions, and fully
numerical models with physically motivated assumptions for reliable
retrievals of transmission spectra. Only by performing such a study can
we assess our ability to obtain strong constraints on atmospheric abun-
dances of exoplanets with current facilities such as HST, VLT, and the
upcoming JWST and ground-based facilities. The contents of this chapter
are based on the published work of Welbanks & Madhusudhan (2019).
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1.6.2 Homogeneous Studies of Exoplanetary Transmission Spectra to Deter-
mine Population Level Trends

The key advantage of extra-solar planetary science is the sheer num-
ber of objects which enable us to address population level hypotheses
regarding the origin and evolution of planets. One major objective is
to use measured atmospheric observable chemical abundances to test
our hypothesis on the primordial formation pathways of exoplanets. As
explained in Section 1.5.3, a key hypothesis is that the metallicity of a
planetary atmosphere should increase with decreasing mass (e.g., Fort-
ney et al., 2013; Mordasini et al., 2016), a hallmark of the core-accretion
model of planet formation and a trend that appears within the solar sys-
tem Jovian planet population. Previous studies, focused on HST WFC3

(1.1–1.6 µm), have aimed to determine H2O abundances relative to solar
system planets (e.g., Madhusudhan et al., 2014b; Kreidberg et al., 2014b,
2015; Barstow et al., 2017; Pinhas et al., 2019). While many of these stud-
ies were able to determine H2O abundances, there is tension in the un-
derlying interpretation as there exists an intrinsic degeneracy between
the atmospheric metal content and the elemental carbon-to-oxygen ra-
tios, which can result in numerous ways to produce a given H2O abun-
dance (e.g., Madhusudhan et al., 2014c).

In order to break this intrinsic elemental abundance degeneracy, con-
straints on more species beyond H2O are needed. Armed with the model
and data understanding derived from the work presented in Chapter 2,
we set out to determine population level composition trends leveraging
data spanning the optical-to-near-infrared, covering not only H2O, but
the key metallicity tracers, sodium (Na) and potassium (K). While previ-
ous studies limited their efforts to hot Jupiters, we extended the sample
to mini Neptunes providing a larger, more diverse sample to provide
more leverage in scrutinizing key planet formation hypotheses. In to-
tal, we retrieve and analyze the atmospheric properties of 19 exoplanets
ranging from cool mini Neptunes with temperatures close to 300 K to
ultra-hot Jupiters with temperatures above 2700 K. The contents of Chap-
ter 3 are based on the published work of Welbanks et al. (2019), and aim
to provide an answer to the following questions:

• Is there a mass-metallicity trend for transiting exoplanets from at-
mospheric abundances of H2O, Na, and K?

• If any mass-metallicity trends are observed, are they consistent
with solar system expectations? are they consistent within them-
selves?



1.6 scope of this thesis 35

• Are there any constraints we can place on planetary formation
mechanisms from the derived atmospheric abundances?

1.6.3 Developing Next-generation, Generalized, Exoplanetary Atmospheric
Bayesian Inference Frameworks

Generally, the model complexity considered in atmospheric retrievals
has largely been driven by the fidelity of the data (e.g., overly complex
models are often not warranted). Due to their observational favorability,
most spectro-photometric observations have been of hot Jupiters (e.g.,
Deming et al., 2013; McCullough et al., 2014; Kreidberg et al., 2015; Sing
et al., 2016; Nikolov et al., 2018; Kirk et al., 2019). Nonetheless, and de-
spite the inherent challenges that their small size represent, advance-
ments in observing facilities (e.g., Gillon et al., 2011), large observing
campaigns (e.g., Kreidberg et al., 2014a), as well as the so called M-
dwarf opportunity (e.g., Scalo et al., 2007; Charbonneau & Deming, 2007)
have allowed for tantalizing transmission spectra of mini Neptunes and
super-Earths. Many of these spectroscopic observations have been fea-
tureless within current instrumental precisions either due to the pres-
ence of clouds muting all spectral features or due to a dense (e.g., non H
rich, high mean molecular weight) atmosphere with small spectral fea-
tures (e.g., Bean et al., 2010; Désert et al., 2011b; Kreidberg et al., 2014a;
Knutson et al., 2014a,b; de Wit et al., 2016, 2018; Wakeford et al., 2019).
Nevertheless, a handful of mini Neptunes (e.g., Benneke et al., 2019b;
Tsiaras et al., 2019; Benneke et al., 2019c; Guo et al., 2020) have shown
absorption features on possibly H-rich atmospheres.

As we look towards the future, additional observations of low mass ex-
oplanets, including mini Neptunes and super-Earths theorized to present
extreme compositional diversity (i.e., compositions ranging from H rich
to H poor, e.g., Moses et al., 2013), promise to be attainable with upcom-
ing facilities like JWST (e.g., Barstow et al., 2015; Greene et al., 2016) and
the ELTs (e.g., Rodler & López-Morales, 2014; Kaltenegger, 2017). More-
over, the large number of upcoming spectroscopic facilities underscore
the need for combining data sets from multiple observatories to infer the
atmospheric properties of an exoplanet. An increasingly diverse planet
population and higher fidelity data necessarily demand more flexible
and complex Bayesian modeling frameworks.

This next generation of retrieval codes must incorporate the lessons
learned from observations and studies of hot Jupiters. Furthermore, and
in preparation for the upcoming observations of smaller temperate plan-
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ets, methods for characterizing non H-dominated atmospheres must be
implemented and updated to be compatible with the latest optimization
algorithms. Upcoming codes should be able to expand their modeling
functionalities motivated by data requirements. Lastly, with the increas-
ing model complexity and data quality, new retrieval codes must be
prepared for assessing multidimensional, highly degenerate problems.

We present in Chapter 4 our response to these needs in the form
of Aurora, a new generalized exoplanetary atmospheric Bayesian infer-
ence framework for transmission spectra. Aurora is a next-generation
atmospheric retrieval framework that builds upon state-of-the-art archi-
tectures and incorporates the following key advancements: (a) a gen-
eralized compositional retrieval allowing for H-rich and H-poor atmo-
spheres, (b) a generalized prescription for inhomogeneous clouds/hazes,
(c) multiple Bayesian inference algorithms for high-dimensional retrievals,
(d) modular considerations for refraction, forward scattering, and Mie
scattering, and (e) noise modeling functionalities.

Then, in Chapter 5 we validate Aurora on current and/or synthetic
observations of the hot Jupiter HD 209458 b, mini Neptune K2-18b,
and rocky exoplanet TRAPPIST-1 d. Using current HD 209458 b spec-
tra, we appraise the robustness of our framework and cloud/haze pre-
scription against assumptions of H-rich/H-poor atmospheres, improv-
ing on previous treatments. Using real and synthetic spectra of K2-18b,
we appraise the agnostic approach to confidently constrain its bulk at-
mospheric composition and obtain precise abundance estimates. Then,
for a rocky exoplanet like TRAPPIST-1 d, we assess our ability to iden-
tify the main atmospheric component on multiple atmospheric scenarios
including CO2-rich, and N2-rich atmospheres.

The content presented in Chapter 4 and Chapter 5, draw from the
published work of (Welbanks & Madhusudhan, 2021). Together, these
chapters explore the following outstanding questions:

• What are the modeling advancements required to model H-rich
and H-poor atmospheres using atmospheric retrieval frameworks?

• Do existing Bayesian inference algorithms provide consistent pa-
rameter estimates for exoplanet atmospheres using existing data?

• Can we perform agnostic retrievals on existing and upcoming spec-
troscopic observations of exoplanetary atmospheres to constrain
their bulk composition?

• How many transits using the upcoming JWST are required to char-
acterize a rocky exoplanet?
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1.6.4 Characterization of Exoplanetary Atmospheres Using Ground-based and
Space-based Facilities

Chapter 6 and Chapter 7 present some of the collaborative work we
contributed to by performing the interpretation of exoplanetary trans-
mission spectra using retrieval frameworks. The content in these chap-
ters draws from the published works of Chen et al. (2018); von Essen
et al. (2019); Chen et al. (2020); Madhusudhan et al. (2020); Colón et al.
(2020) and Sheppard et al. (2021). These works illustrate the power of
inferring the atmospheric properties of an exoplanet using transmission
spectroscopy and retrieval frameworks. These studies include the first
atmospheric indications of previously unidentified species in exoplanet
literature. All together the contents in these chapters illustrate the broad
diversity in planetary atmospheric composition. Broadly, these works ex-
plore the following question: What are the achievable atmospheric con-
straints using the latest spectroscopic data obtained with ground- and
space-based facilities?





2
O N D E G E N E R A C I E S I N R E T R I E VA L S O F
E X O P L A N E TA RY T R A N S M I S S I O N S P E C T R A

As explained in Section 1.6, reliable estimations of atmospheric proper-
ties of exoplanets from transmission spectra require the understanding
of degeneracies between model parameters and the observations that
can resolve them. In this chapter1 we conduct a systematic investigation
of such degeneracies using a combination of detailed Bayesian atmo-
spheric retrievals and a range of model assumptions, focusing on H2-
rich atmospheres. In this chapter, we consider the canonical hot Jupiter
HD 209458 b as a case study. We perform extensive retrievals with mod-
els ranging from simple isothermal and isobaric atmospheres, known to
be unphysical, to those with full pressure-temperature profiles, inhomo-
geneous cloud/haze coverage, multiple chemical species, and data in
the optical-infrared wavelengths, more physically plausible. Our study
reveals four key insights. First, we find that a combination of models
with minimal assumptions and broadband transmission spectra with
current facilities allows precise estimates of chemical abundances. In par-
ticular, high-precision optical and infrared spectra, along with models
including variable cloud coverage and prominent opacity sources, with
Na and K being important in the optical, provide joint constraints on
cloud/haze properties and chemical abundances. Second, we show that
the degeneracy between planetary radius and its reference pressure is
well characterized and has little effect on abundance estimates, contrary
to previous claims using semi-analytic models. Third, collision-induced
absorption due to H2-H2 and H2-He interactions plays a critical role in
correctly estimating atmospheric abundances. Finally, our results high-
light the inadequacy of simplified semi-analytic models with isobaric
assumptions for reliable retrievals of transmission spectra. Transmission
spectra obtained with current facilities such as the Hubble Space Tele-
scope and Very Large Telescope can provide strong constraints on atmo-
spheric abundances of exoplanets.

1 The contents of this chapter are based on the published work of Welbanks & Mad-
husudhan (2019). As explained in Sections 2.2 and 2.3, the retrieval framework used
in this work is an adaptation of AURA (Pinhas et al., 2018) developed in Prof. Nikku
Madhusudhan’s research group. Besides overall supervision of the paper, Prof. Nikku
Madhusudhan contributed to the text in Section 2.5.

39
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2.1 introduction

Transmission spectroscopy of transiting exoplanets offers a powerful
probe to study their atmospheres. Recent observational advancements
have enabled high-precision transmission spectra of exoplanets over a
broad spectral range (λ ∼ 0.3–2.0µm). Such observations have been ob-
tained in low resolution (R = λ/∆λ ∼ 100–300) from space using Hub-
ble Space Telescope (HST) spectrographs – the Space Telescope Imaging
Spectrograph (STIS) in the NUV/Optical and the Wide Field Camera 3

(WFC3) in the near-infrared (e.g., Deming et al., 2013; Kreidberg et al.,
2015; Sing et al., 2016). On the other hand, spectra of comparable quality
have also been obtained recently, particularly in the visible range, from
large ground-based facilities such as the Very Large Telescope (VLT) and
the Gran Telescopio Canarias (e.g., Sedaghati et al., 2017; Chen et al.,
2018; Nikolov et al., 2018).

The spectral range accessible to current facilities has the capability
to constrain a wide range of atmospheric properties. While the near-
infrared spectral range (1.1–1.7 µm) of the WFC3 contains strong spec-
tral features, due to H2O (Deming et al., 2013), the visible range probes
features of several other species expected in hot Jupiters such as Na, K,
TiO, VO, etc. (e.g., Sing et al., 2016; Nikolov et al., 2016; Sedaghati et al.,
2017). In addition, optical spectra can also provide important constraints
on the possibility and properties of clouds and hazes (e.g., Brown, 2001;
Line & Parmentier, 2016; Barstow et al., 2017; MacDonald & Madhusud-
han, 2017a). Statistical constraints on these various properties have been
reported from such datasets using rigorous atmospheric retrieval meth-
ods for various planets (e.g., Madhusudhan et al., 2014b; Kreidberg et al.,
2015; Barstow et al., 2017; MacDonald & Madhusudhan, 2017a). It is
clear from these studies that reliable estimates of atmospheric proper-
ties using retrievals of transmission spectra rely heavily on a thorough
understanding of the model degeneracies and the capability of the data
to resolve the same.

The role of degeneracies in interpreting transmission spectra has been
investigated in some detail since the beginning of the field. Several early
studies highlighted the importance of various atmospheric properties
(e.g., clouds, temperature, composition) on observable spectral features
(e.g., Seager & Sasselov, 2000; Brown, 2001; Fortney, 2005). For example,
Brown (2001) alluded to possible degeneracies between chemical abun-
dances, temperature structure, and the presence of clouds.
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Later, Lecavelier Des Etangs et al. (2008) noted the degeneracy be-
tween chemical abundance and the reference pressure in the atmosphere.
Using transit spectroscopy to measure the effective radius, it was possi-
ble to derive the pressure assuming an abundance or assuming a pres-
sure to derive the abundance.

While the above early works sought to explore the degeneracies us-
ing semi-analytic or equilibrium forward models, the advent of retrieval
techniques in the last decade (Madhusudhan & Seager, 2009) allowed
this problem to be investigated with a rigorous statistical approach. Ben-
neke & Seager (2012) studied the degeneracies involved in retrieving
transmission spectra of super-Earths and mini-Neptunes using synthetic
spectra. They explored the interplay among chemical composition, cloud
top pressure, planetary radius, and/or surface pressure in determin-
ing the spectral features and suggested combinations of observables
that could resolve the degeneracies in different cases. Benneke & Sea-
ger (2013) commented on the degeneracy between the mean molecular
mass and cloud top pressure, which is present in transmission spectra
especially for low-mass planets.

de Wit & Seager (2013) showed that the slant-path optical depth at the
reference radius depends on the scale height, reference pressure, tem-
perature, and the number densities of the absorbers present in the atmo-
sphere in unique ways, making their retrieval possible with high-quality
data. Such constraints, in principle, also allow the planetary mass to be
determined from the transmission spectrum using the retrieved gravity
through the scale height (de Wit & Seager, 2013), but can be challenging
for low-mass planets (Batalha et al., 2017b).

Griffith (2014) suggested that there can be a broad range of degen-
erate solutions to fit infrared data which make constraining molecular
abundances challenging. Nonetheless, they suggest ways in which the
degeneracy can be resolved. For example, they suggest measuring the
radius of the planet at a wavelength where the atmosphere’s opacity, is
known, e.g., Rayleigh scattering in the optical.

Line & Parmentier (2016) explored the influence of nonuniform cloud
coverage in transmission spectra. They quantitatively explored the de-
generacy between clouds and mean molecular weight within an atmo-
spheric retrieval framework. They found that partial and fully cloudy
atmospheres are distinguishable, and that the visible wavelengths offer
an opportunity to break degeneracies between mean molecular weight
and cloud coverage.
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The effects of clouds and other surfaces have been studied by Bétrémieux
(2016) and Bétrémieux & Swain (2017, 2018). Among their findings are
the conclusions that spectral signatures in the optical encode informa-
tion useful to break degeneracies between retrieved abundances and
the planet’s radius, and that collision-induced absorption (CIA) poten-
tially determines the highest pressures that can be probed in exoplane-
tary atmospheres in the infrared. An alternative to breaking the innate
degeneracy between clouds and chemistry was offered by MacDonald
& Madhusudhan (2017a) by introducing a two-dimensional inhomoge-
neous cloud coverage.

Lastly, Heng & Kitzmann (2017) highlighted a potential three-way de-
generacy among H2O abundance, reference pressure (Pref) and planet
radius (Rp) using semi-analytic models. Their conclusions about this de-
generacy were based on assumptions of isobaric and isothermal atmo-
spheres with H2O as the only molecular opacity source. Our present
work investigates this further.

In this thesis, we conduct a detailed analysis of the effect of model pa-
rameterization and spectral coverage of data on atmospheric retrievals
of transmission spectra. Such an analysis also helps us explore some of
the key degeneracies previously discussed in the literature using semi-
analytic models. Employing retrieval techniques, we test a series of atmo-
spheric models with varying levels of complexity. In Section 2.2, we start
by reproducing the results of previous analytic studies. We discuss the
validity of their interpretations and use their assumptions as a starting
point for our study. In Section 2.3, we perform a step-by-step analysis
of model dependencies with retrievals using the canonical hot Jupiter
HD 209458 b as our case study.

We start with retrievals assuming a simplistic clear, isothermal, and
isobaric planetary atmosphere and using infrared data alone. We se-
quentially improve the model considerations culminating in a realistic
atmospheric model with a full pressure-temperature (P–T ) profile, in-
homogeneous clouds, collision-induced opacities, and multiple chemi-
cal species. We also study the impact of including data in the optical
wavelengths instead of using only data in the near-infrared. For each of
these cases, we investigate the constraints on the retrieved parameters
and our ability to determine the chemical abundances, especially that of
H2O. In Section 2.4, we assess the ability of our retrievals to constrain
atmospheres with high cloud fractions. Lastly, in Section 2.5, we revisit
the notion of a three-way degeneracy between XH2O, Rp, and Pref. We
show that the degeneracy between Rp and Pref is real and well character-
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ized, but has no effect on the abundance estimates, contrary to previous
assertions. We also show that the choice of an Rp versus Pref as a free pa-
rameter is inconsequential to constraining molecular abundances when
a full retrieval study is performed. We summarize our findings in Sec-
tion 2.6.

2.2 the Rp –Pref -h2o degeneracy

In this section we illustrate some of the key degeneracies inherent to
transmission spectra. We begin with a qualitative illustration using model
spectra. We generate four forward models showing different combina-
tions of Rp, Pref, and XH2O, spanning optical and infrared wavelengths.
The forward models are generated using parameters for HD 209458 b
with log10(g) = 2.963 in cgs and a stellar radius of 1.155 R⊙ (Torres
et al., 2008). The models shown here were chosen by inspection and use a
parametric P–T profile with the parameters described by Madhusudhan
& Seager (2009) with values of log10(P1) = −1.65, log10(P2) = −4.02,
log10(P3) = 0.48, α1 = 0.67, α2 = 0.58 and temperature of T0 = 1435 K.
The choice of P–T profile parameters are within 2σ of the best-fit values
reported by MacDonald & Madhusudhan (2017a).

The models have 100 pressure layers equally spaced in log-pressure
between 10−6 and 102 bar. Our prescription considers the effects of H2

Rayleigh scattering and CIA due to H2-H2 and H2-He interactions and
is adapted from the work of Pinhas et al. (2018). The only other source of
opacity considered in these illustrative models is H2O. The model setup
is discussed in more detail in Section 2.3.

The models are shown in Figure 9 and depict the degeneracies in
cloud-free atmospheres. These models show that some spectral features
in the infrared can be mimicked by different combinations of H2O abun-
dance, radius, and reference pressure. While the degeneracy among ra-
dius, pressure, and molecular mixing ratio allows multiple models to
show similar spectral features in the infrared, there are significant dif-
ferences at shorter wavelengths (i.e., below 1 µm). These differences at
shorter wavelengths are the result of setting the baseline of the spectrum
to different levels by changing Rp and/or Pref.

As alluded to in Section 2.1, several works in the past have discussed
possible degeneracies in transmission spectra (e.g., Lecavelier Des Etangs
et al., 2008; Benneke & Seager, 2012; de Wit & Seager, 2013; Griffith,
2014; Bétrémieux & Swain, 2017). One of the often discussed degenera-
cies is that between chemical abundance and reference pressure in the
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Figure 9 Degeneracies in clear atmospheres. Clear atmospheres can pro-
duce similar absorption features while having different chemical and
physical properties. Spectra in red, blue, and green include variations of
two or three parameters that are still capable of generating features sim-
ilar to the reference spectrum shown in black. There is a clear difference
in the spectra at shorter wavelengths.

atmosphere for the observed radius. Such a degeneracy was formally
investigated using semi-analytic models by Lecavelier Des Etangs et al.
(2008). Their work presents the effective altitude z of the atmosphere at
a wavelength λ as

z(λ) = H ln
(
ξabsPz=0σabs/τeq ×

√
2πRP/kTµg

)
, (7)

where H is the scale height, and σabs and ξabs are the cross section and
abundance (volume mixing ratio) of the dominant absorbing species,
respectively. τeq, also known as equivalent optical depth, is the slant
optical depth at an altitude zeq such that the contribution of an equiv-
alent planet completely opaque below this altitude produces the same
absorption as the planet with its translucent atmosphere. Pz=0 is the ref-
erence pressure at an altitude z = 0 corresponding to RP, the measured
radius of the planet. Additionally, g is the gravity of the planet, k the
Boltzmann constant, T the temperature of the atmosphere, and µ the
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mean molecular mass of the atmosphere. This expression is one of the
first indications of a degeneracy between the reference pressure and the
chemical abundance. Lecavelier Des Etangs et al. (2008) concluded that
to derive an abundance, a reference pressure needs to be assumed or
vice versa.

Variants of this expression have also been derived from first princi-
ples in other studies (de Wit & Seager, 2013; Bétrémieux & Swain, 2017;
Sing, 2018). The expression was later used by Heng & Kitzmann (2017,
hereafter HK17) in the following form:

R = R0 +H

[
γ+ ln

(
P0κ

g

√
2πR0

H

)]
, (8)

where R0 is the radius of the planet at the reference pressure (Rp in this
chapter), P0 is the reference pressure (Pref in this chapter), H is the scale
height, g is the gravity of the planet, and κ is the cross section per unit
mass. The functional form of κ in the work of HK17 is

κ =
mH2O

m
XH2OκH2O + κcloud, (9)

with mH2O = 18 amu being the molecular mass of H2O, XH2O the vol-
ume mixing ratio of H2O, and κH2O the water opacity. The additional
term, κcloud, is a constant opacity associated with clouds or aerosols. In-
specting Equations 8 and 9, a potential degeneracy among XH2O, Pref and
Rp becomes evident. However, the derivation of HK17 used assumptions
of an isothermal and isobaric opacity along with H2O as the only molec-
ular opacity source. In what follows, we investigate these assumptions
and consider other opacity sources that can be important.

2.2.1 On the XH2O–Pref–Rp Degeneracy

Here, we further investigate the three-way degeneracy claimed by HK17.
The basis of the HK17 study is a semi-analytic model shown in Equa-
tion 8, which was used to fit an observed transmission spectrum of the
hot Jupiter WASP-12b in the near-infrared (∼ 1.15–1.65 µm) obtained
using the HST WFC3 spectrograph (Kreidberg et al., 2015). The model
assumed an isothermal atmosphere with isobaric opacities, with H2O as
the only molecular opacity source. The model was fit to the near-infrared
spectrum using a nonlinear least-squares fitting routine to obtain best-fit
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values of different combinations of parameters for an assumed value of
Rp. By repeating the fits for a range of Rp values, they investigated the
degeneracy among XH2O–Pref–Rp.

To investigate the potential three-way degeneracy reported by HK17,
we follow two approaches. We first reproduce the results of HK17 using
their approach, i.e., their semi-analytic model and least-squares fit to the
WFC3 transmission spectrum of WASP-12b. We then reproduce the same
results using their semi-analytic model in a Bayesian retrieval approach.
We later include additional opacity due to H2-H2 and H2-He CIA in
the HK17 model to investigate the validity of their assumptions. With
CIA included, we follow the same two approaches, i.e., first employing
a nonlinear least-squares fit and then a Bayesian retrieval.

We begin by following the approach of HK17 and performing a fit to
the WASP-12b WFC3 data using Equation 8 with a least-squares mini-
mization routine (curve_fit in Python). Our model considerations are
identical to those in HK17, e.g., isothermal atmosphere and isobaric H2O
opacity. The top-left panel of Figure 10 shows our results reproducing
Figure 7 of HK17. At the outset, we notice two discrepancies. First, we
are able to reproduce the fit in HK17 using the log of XH2O(Pref/10 bar)
versus Rp. However, HK17 presented their y-axis as XH2O(Pref/10 bar)−1.
We interpret this as a typographical error in HK17. This is especially the
case considering that Equation 8 implies the product of XH2O and Pref,
and also considering Figures 3 to 8 of Fisher & Heng (2018) who use the
same model and notation. Second, HK17 claimed from this figure that
XH2O is strongly degenerate with Rp, i.e., that the H2O abundance varies
by many orders of magnitude with slight changes in Rp. However, it is
not possible to deduce information about the H2O abundance from this
figure alone given that only the product XH2O(Pref/10 bar) is shown to
be degenerate with Rp and not XH2O or Pref individually.
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Figure 10 Top row: product of H2O abundance and reference pressure
(Pref) vs. the reference radius (Rp) for simplistic model fits to the WFC3

spectrum of WASP-12b. The left panel shows fits without CIA opacity,
and the right panel shows fits considering the effect of CIA. The black
dashed line shows the result from Figure 7 of Heng & Kitzmann (2017),
hereafter HK17. The orange solid line is our result using the analytic for-
mulation and the same three-parameter fit of HK17. While the orange
line matches exactly with the HK17 result in the left panel, it deviates
from the same in the right panel, due to the inclusion of CIA opacity. The
green two-dimensional histograms in the background show the same
quantities using the posterior distributions from Bayesian retrievals of
the same parameters. Bottom rows: posterior distributions from the re-
trievals corresponding to the top panels. Green (orange) shows the his-
tograms for the retrievals without (with) CIA, while the median values
and 1σ uncertainties are shown in blue (red). The posterior distributions
show the retrieved H2O abundances (volume mixing ratios), Pref (in bar),
κcloud (in m2 kg−1), and Rp (in RJ). The introduction of CIA in the right
panel improves the constraint on the H2O abundance.
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Next, we study this problem using a Bayesian retrieval approach. Our
retrieval code is adapted from the works of Pinhas et al. (2018) to con-
sider the semi-analytic model and assumptions discussed above. We re-
place the numerical model of Pinhas et al. (2018) with the semi-analytic
model of HK17 while retaining the module for Bayesian parameter esti-
mation using the nested sampling algorithm (Feroz et al., 2009; Buchner
et al., 2014). The model parameters remain the same as in HK17, namely
XH2O, Pref, κcloud, Rp, and T , the isothermal temperature. The prior range
for the radius is Rp = 1.79 RJ to 1.87 RJ to match the range shown in
Figure 7 of HK17 and the prior range of log10(Pref) is from −6 to 2 in
bar. Both the log10(XH2O) (volume mixing ratio) and log10(κcloud) (m2

kg−1) priors are from −1 to −10. The temperature prior is from 500 to
2000 K. Similarly, we consider an isothermal atmosphere, isobaric H2O
opacity (at 1mbar), a fixed mean molecular weight of 2.4 amu, and a
fixed gravity of log10(g) = 2.99 in cgs (Hebb et al., 2009).

The results from the retrieval are shown in green in the top-left panel
of Figure 10. We show the posteriors from the retrieval as a two dimen-
sional histogram of XH2O(Pref/10 bar) against the retrieved Rp. The bot-
tom four panels of Figure 10 show the posterior distribution of the H2O
abundance, Pref, κcloud, and Rp in the green histograms. Our retrieval
finds an unconstrained H2O abundance with a median abundance of
log10(XH2O) = −4.10+2.06

−2.62. We find that the posterior distributions from
the retrieval closely follow the results from the linear fit (i.e., orange line)
as shown in the topmost left panel.

We now investigate the validity of the assumptions of the semi-analytic
model above by including CIA as an additional source of opacity. The im-
portance of CIA as a continuum source of opacity is highlighted in sev-
eral previous studies (e.g., de Wit & Seager, 2013; Bétrémieux & Swain,
2017, 2018), which makes its inclusion imperative in model spectra of
giant planets. We amended the total opacity in the formulation of HK17,
shown in Equation 9, to

κ =
mH2O

m
XH2OκH2O + κcloud + κCIA, (10)

where the first two terms remain as explained above. The third term is
opacity due to H2-H2 and H2-He CIA. This and other opacity sources
are discussed in Section 2.3.

We follow the approach described above by performing a least-squares
fit of the amended model to the near-infrared data. The additional opac-
ity source (i.e., CIA) is computed following the same method used to
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compute H2O opacity in HK17, and we preserve the assumption of an
isobaric atmosphere by evaluating the opacities at 1 mbar. We find that
the inclusion of CIA changes the slope of the resulting linear relationship
between XH2O(Pref/10 bar) and Rp. Our resulting fit is shown as an or-
ange solid line in the top-right panel of Figure 10, where we also show
the fit of HK17 using a dashed black line. This analytic fit shows that
the slope of the relation between XH2O(Pref/10 bar) and Rp has changed.
Again, it is not possible to infer from this result if Rp is degenerate with
XH2O or Pref or both. In comparison, a retrieval approach would provide
the necessary insight as pursued above.

We, therefore, now perform a retrieval using the modified model in-
cluding CIA opacity. Our retrieval approach keeps the previous descrip-
tion although in this case we add the pressure-dependent effects of CIA.
This retrieval study finds a better constrained H2O abundance with a
median of log10(XH2O) = −5.41+0.88

−0.47. Similarly to the previous retrieval,
we present in the background of the top-right panel of Figure 10 the two
dimensional histogram of XH2O(Pref/10 bar) against Rp. We also show the
posterior distributions of the retrieved parameters including the H2O
abundance for this case in the bottom orange histograms. We find that
the inclusion of CIA opacity results in a better constraint on the H2O
abundance even within the framework of this simplistic model.

Our results above demonstrate two main points. First, the retrieved
molecular abundance changes with the inclusion of CIA. The inclusion
of CIA opacity provides a continuum to the spectrum that sets the max-
imum pressure probed in the atmosphere, i.e., the line-of-sight photo-
sphere (de Wit & Seager, 2013; Line & Parmentier, 2016; Bétrémieux
& Swain, 2018). As a result, the thickness of the atmospheric column
probed by the transmission spectrum decreases compared to the non-
CIA scenario, thereby requiring a different H2O abundance to explain
the data. Second, the log-linear behavior seen in both panels of Figure 10

is likely strongly influenced by a relation between Pref and Rp, irrespec-
tive of the H2O abundance. We further discuss this relation in detail in
Section 2.5. The constraint on the H2O abundance improves with the
inclusion of CIA, irrespective of any degeneracy between Pref and Rp.
Nevertheless, the H2O abundance is still weakly constrained even in
the CIA case. However, this is not due to a three-way degeneracy but
rather a result of incomplete model assumptions and limited data. We
demonstrate this in more detail in the next section.

In summary, these results show that the conclusions of HK17 are likely
due to the restricted model assumptions. The lack of consideration of
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CIA opacity, among other factors, is likely responsible for their conclu-
sions. We discuss this further in Section 2.5.3. The three-way degeneracy
noted in HK17 manifests itself fully under idealized conditions encap-
sulated in the analytic formalism of Equation 8, namely an isothermal,
isobaric, constant mean molecular weight, constant gravity, a single ab-
sorber, and a cloud-free atmosphere. In a more realistic atmosphere, this
degeneracy is broken in various ways. For example, for high chemical
abundances, the mean molecular weight becomes significant enough to
affect the scale height and hence the amplitude of the spectral feature
(e.g., Benneke & Seager, 2012; Line & Parmentier, 2016). On the other
hand, at low abundances, the CIA opacity provides the continuum level
for the spectrum (e.g., de Wit & Seager, 2013; Line & Parmentier, 2016).
Other effects influencing the spectrum include considerations of clouds,
non-isothermal atmospheres, multiple-molecular absorbers, etc. Further-
more, constraining the contributions from these various effects require
observed spectra in the visible in addition to the infrared spectra. The
importance and effects of such considerations are studied in the rest of
this chapter. In what follows, we perform an in-depth study of the ef-
fects of model assumptions and data coverage on atmospheric retrievals
using transmission spectra.

2.3 hd 209458 b : a case study

We now conduct a systematic exploration of the degeneracies in inter-
preting transmission spectra using fully numerical models within a rig-
orous retrieval framework. For this study, we choose the canonical hot
Jupiter HD 209458 b which has the most data available (Deming et al.,
2013; Sing et al., 2016) and has been a subject of several recent retrieval
studies (e.g., Madhusudhan et al., 2014b; Barstow et al., 2017; MacDon-
ald & Madhusudhan, 2017a).

We used an atmospheric retrieval code for transmission spectra adapted
from the recent work of Pinhas et al. (2018). The code was modified to in-
clude the radius of the planet (Rp) as one of the retrieval parameters and,
unlike Pinhas et al. (2018), we do not infer any stellar properties. The
code computes line by line radiative transfer in a transmission geometry,
assuming hydrostatic equilibrium. We consider a parametric P–T profile
using the prescription of Madhusudhan & Seager (2009). We consider
a one-dimensional model atmosphere consisting of 100 layers in pres-
sure ranging from 10−6–103 bar uniformly spaced in log10(P). We use
the cloud/haze parametrization of MacDonald & Madhusudhan (2017a)
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which allows for cloud-free to fully cloudy models, including nonhomo-
geneous cloud cover. The haze is included as σ = aσ0(λ/λ0)

γ, where
γ is the scattering slope, a is the Rayleigh-enhancement factor, and σ0

is the H2 Rayleigh scattering cross section (5.31× 10−31 m2) at the ref-
erence wavelength λ0 = 350 nm. Cloudy regions of the atmosphere are
included as an opaque cloud deck with cloud top pressure Pcloud. The
fraction of cloud cover at the terminator is given by ϕ̄.

The absorption cross sections of the molecular and atomic species are
obtained from Rothman et al. (2010) for H2O, CO, and CO2; Yurchenko
et al. (2011) for NH3; Harris et al. (2006) and Barber et al. (2014) for HCN;
Kramida et al. (2018) for Na and K; and Richard et al. (2012) for H2-H2

and H2-He CIA. The cross sections are generated using the methods
of Gandhi & Madhusudhan (2017). Our model assumes that the atmo-
sphere has uniform mixing ratio for each species considered and treats
these mixing ratios as free parameters. Unlike the retrievals in Section
2.2, these retrievals do not fix the mean molecular weight to a specific
value and instead calculate it based on the retrieved molecular abun-
dances and assumption of a H2-He-dominated atmosphere with a fixed
He/H2 ratio of 0.17 (MacDonald & Madhusudhan, 2017a). Lastly, the
reference pressure (Pref) is a free parameter that establishes the pressure
in the atmosphere at which the reference radius of the planet (Rp) is lo-
cated. In summary, our full model has 19 free parameters: Rp, Pref, seven
chemical species (H2O, CO, CO2, HCN, NH3, Na, and K), six parame-
ters for the P–T profile, and four parameters for clouds/hazes including
the cloud deck pressure Pcloud and cloud fraction ϕ̄.

Our goal is to investigate the effect of each model parameter and/or
assumption on the retrieved parameters and their degeneracies. We start
with the simplest setup and gradually increase the physical plausibility
of the model and extent of the data. We start by considering an isother-
mal and isobaric atmosphere with only one molecule present, H2O, to
carry on from our reproduction of previous results in Section 2.2. We
later increase the number of considerations until we use a full model
with a parametric P–T profile, with multiple molecules (H2O, Na, K,
NH3, CO, HCN, and CO2) and the presence of clouds/hazes. For our
retrievals, we use the spectrum of HD 209458 b reported in Sing et al.
(2016). The spectrum has two wavelength ranges observed with HST:
near-infrared (1.1–1.7 µm) obtained using WFC3 and full optical range
(0.3–1.01 µm) obtained using the STIS instrument. We compare the re-
trieved radius values to the value reported by Torres et al. (2008) of
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Figure 11 Median retrieved models for each of the cases shown in Table 1.
Infrared and optical data from Sing et al. (2016) are shown using green
markers. While all models produce some degree of fit to the data in the
infrared, only cases 8-12 produce a good fit to all the data.

Rp = 1.359+0.016
−0.019 RJ, which is consistent with the reported radius by

Sing et al. (2016).
The 12 cases of our study are summarized in Table 1. The parameters,

priors, and results for all cases are summarized in Tables 11 and 12 in
Appendix A. The retrieved median spectra for all the cases are shown
in Figure 11. The constraints on the retrieved H2O abundances for the
different cases are illustrated in Figure 12. The posterior distributions
for XH2O, Pref, and Rp for all cases are included in Appendix A.

2.3.1 Case 0: Reproducing the Semi-analytic Model

Before conducting our case-by-case study, we first consider case zero,
which presents a numerical analog of semi-analytic models. Case zero
has the simplest model considerations, i.e., of an isothermal and iso-
baric atmosphere with H2O absorption as the only source of opacity. In
addition, the mean molecular weight and gravity are fixed quantities.
The isobaric assumption means evaluating the molecular cross section
at only one pressure, in this case 1 mbar. Following the models in Sec-
tion 2.2, the mean molecular weight is fixed to a value of 2.4 amu, that
of an H2-rich atmosphere with solar elemental abundances. The fixed
value for gravity is log10(g) = 2.963 in cgs for HD 209458 b (Torres et al.,
2008).

While generally our numerical model spans a pressure range of 10−6

bar to 103 bar as discussed above, in the present case, the retrieval is
strongly sensitive to the edges of the pressure range, due to the limited
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opacity sources. The deepest pressure level in the model atmosphere
effectively acts as an opaque surface. In order to circumvent this edge
effect, we consider a model atmosphere with an unrealistically extreme
range in pressure, from 10−14 to 1014 bar, uniformly spaced in log10(P)

using 400 layers.
We use this model for a retrieval using a near-infrared WFC3 spec-

trum of HD 209458 b, similarly to our retrievals in Section 2.2. The
model parameters are XH2O, Rp, Pref, and T , the temperature of the
isotherm. The priors on the parameters are log10(XH2O) = [−12,−1],
RP = [1, 3] RJ, log10(Pref) = [−14, 14] bar, and T = [800− 2710] K. The
prior on XH2O is chosen to be consistent with all cases investigated in
this section. The prior range on Pref, which is also the extent of the model
atmosphere, is chosen so that the edge effects are avoided as discussed
above. The retrieved XH2O is completely unconstrained with a retrieved
value of log10(XH2O) = −6.53+3.86

−3.80. Similarly, Pref is unconstrained with
a retrieved value of log10(Pref) = 0.28+9.68

−9.88, where Pref is in bar, and
Rp is retrieved to Rp = 1.38+0.10

−0.10 RJ, an unconstrained value consistent
with Torres et al. (2008). Lastly, the retrieved isothermal temperature is
T = 818.08+9.72

−8.44 K. The posterior distributions of Rp, Pref, and XH2O for
this retrieval are shown in Appendix A.

Under these simplistic model considerations, there is a strong three-
way degeneracy between Rp, Pref, and XH2O as expected (Heng & Kitz-
mann, 2017). However, it is important to note that the degeneracy is a
result of unrealistic model assumptions. In addition to the factors dis-
cussed in Section 2.2 and later in this section, several other factors make
this case unphysical. First, it is unrealistic to have an atmosphere ex-
panding to such high pressures (e.g., 1014 bar) while maintaining the
isobaric assumption for the cross sections, especially evaluating them
at 1 mbar. Second, such a deep atmosphere would become opaque at
much lower pressures, due to the effects of CIA (e.g., de Wit & Sea-
ger, 2013; Bétrémieux & Swain, 2018); this is further explored in Section
2.3.3. Third, assuming a fixed mean molecular weight is unrealistic at
high H2O abundances explored in the retrieval such as XH2O ≳ 10−2

(e.g., Benneke & Seager, 2012; Line & Parmentier, 2016). Fourth, main-
taining a fixed gravity over the entire atmosphere spanning many orders
of magnitude in pressure is also unrealistic. Nevertheless, the present
case clearly demonstrates the three-way degeneracy among Rp, Pref, and
XH2O obtained for such a simplistic model while fitting near-infrared
data alone.
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We now perform a case-by-case retrieval study using more realistic
model atmospheres as explained at the beginning of Section 2.3. All
of the cases henceforth consider models with a height-dependent g, a
variable mean molecular weight, and a pressure range of 10−6–103 bar.

2.3.2 Case 1: Isobar, Isotherm, H2O Only and WFC3 Data

The initial model we now consider is that of an atmosphere that is best
described by an isotherm at a temperature T and an isobar with only one
molecule present, H2O. For clarity, we specify that the isobaric assump-
tion means evaluating the molecular cross section at only one pressure,
while density, pressure, and gravity are still changing with height. Mak-
ing only these assumptions in our model means ignoring CIA opacity
due to H2-H2 and H2-He. Furthermore, we apply this model on WFC3

data only in order to test the retrievals with a limited wavelength range.
The molecular cross sections are evaluated at 1 mbar following HK17.

The result of our retrieval is a H2O mixing fraction of log10(XH2O) =

−9.54+0.15
−0.15, a retrieved Rp = 1.49+0.05

−0.08 RJ, an unconstrained isotherm
with T = 2003.65+248.72

−247.72 K, and log10(Pref) = −3.00+3.67
−2.21 where Pref is

in bar. The retrieved radius is consistent within 2σ with the published
photometric radius of Rp = 1.359+0.016

−0.019 RJ (Torres et al., 2008). However,
the reference pressure is not tightly constrained, and the retrieved H2O
abundance is ∼ 4 orders of magnitude smaller than that in other stud-
ies (Madhusudhan et al., 2014b; MacDonald & Madhusudhan, 2017a;
Barstow et al., 2017). The retrieved H2O abundance in this case is also
sensitive to the bottom of the model atmosphere for the same reason as
in Section 2.3.1. In this case, the bottom of the atmosphere is at P = 103

bar, which limits the amplitude of the H2O feature in the model spec-
trum, similar to the effects of an opaque surface. Changing the bottom
pressure of the atmosphere can result in different H2O abundance con-
straints. Nevertheless, for the present demonstration, we have assumed
a physically realistic pressure range of 103–10−6 bar. Regardless of the
pressure range, the present case is inevitably unrealistic, due to the lack
of various other model considerations, which are incorporated in sub-
sequent cases below. More importantly, this edge effect is not relevant
once CIA opacities are considered.
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2.3.3 Case 2: Case 1 + H2/He CIA

We now consider a slightly more realistic model that includes CIA opac-
ities due to H2-H2 and H2-He given that the test case of HD 209458 b
is a gas-giant planet with a H2-dominated atmosphere. All other as-
sumptions about the isothermal and isobaric characterization of the at-
mosphere in the model stay the same as in the previous retrieval. How-
ever, while we still evaluate the molecular cross sections at 1mbar, we
consider the CIA to be pressure dependent. We also consider gaseous
Rayleigh scattering due to H2 in this and all subsequent cases.

The inclusion of CIA decreases the retrieved isothermal temperature
to T = 1070.21+87.56

−92.10 K, but increases the H2O volume mixing ratio
to log10(XH2O) = −5.29+0.23

−0.20, a value close to that found in previous
retrieval studies (Madhusudhan et al., 2014b; MacDonald & Madhusud-
han, 2017a; Barstow et al., 2017). Rp is now retrieved to be Rp = 1.41+0.02

−0.03

RJ, and Pref in bar to log10(Pref) = −4.51+2.53
−1.11.

The inclusion of CIA has resulted in a value for the H2O abundance
that is consistent with other studies while keeping Rp consistent with the
white light radius within 2σ. This highlights the importance of consider-
ing CIA for constraints on the molecular abundances, as also discussed
in Section 2.2. We find that ignoring CIA leads to erroneous results. CIA
opacity determines the highest pressures that can be probed, and as
a result provides the continuum to the spectrum (Line & Parmentier,
2016; Bétrémieux & Swain, 2018). The inclusion of CIA raises the slant
photosphere of the planet to a higher altitude compared to the previ-
ous case. By decreasing the thickness of the observed slant column of
the atmosphere along the line of sight, a higher abundance is required
to explain the same features. In comparison, case 1, where we did not
have CIA opacity, the effective column of the atmosphere is larger and
hence requires less H2O abundance to explain the same features. Our
results show that the molecular abundance is much less biased upon the
inclusion of CIA.

While the isobaric assumption makes for a simplified problem con-
struction in analytic models, it is not necessary when numerical methods
are available. It is computationally inexpensive to evaluate the molecu-
lar opacities at the corresponding pressure in the atmosphere instead of
assuming a constant pressure of 1 mbar.
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2.3.4 Case 3: Case 2 without an Isobar

We now remove the assumption of an isobar for the calculation of H2O
opacities. Instead, we calculate the molecular opacities at the correspond-
ing pressure in the atmosphere rather than at a fixed pressure of 1 mbar.
We maintain the remaining assumption of an isotherm for the tempera-
ture profile of the atmosphere. Our retrievals obtain an isothermal pro-
file with T = 1046.02+89.50

−95.51 K and log10(XH2O) = −5.46+0.19
−0.17. The cor-

responding Rp and Pref in bar are Rp = 1.41+0.02
−0.03 RJ and log10(Pref) =

−4.35+2.63
−1.25, respectively. The retrieved XH2O is shown in Figure 12. Re-

trieved parameters and priors for this and other cases are shown in Ta-
bles 11 and 12.

While the consideration of pressure-dependent CIA is essential, as-
suming molecular line cross sections to be isobaric does not make a sig-
nificant difference compared to the present case given current data qual-
ity. This is because the atmosphere is mostly probed at low pressures
as discussed in Section 2.5. However, the isobaric assumption cannot be
maintained when considering the effects of CIA as the CIA opacity has
a stronger dependence on pressure, being proportional to the pressure
squared (de Wit & Seager, 2013).

2.3.5 Case 4: Case 3 + P–T profile

We now remove the assumption of an isothermal atmosphere and con-
sider a full P–T profile in our retrieval. We implement the parametriza-
tion used in Madhusudhan & Seager (2009) which involves six parame-
ters that capture a typical P–T profile. Along with this, we retrieve XH2O,
Pref, and Rp. This allows the atmosphere to have any P–T profile the data
requires.

With the inclusion of the parametric P–T profile, we retrieve nine pa-
rameters in total. This retrieval results in Rp = 1.41+0.01

−0.03 RJ, log10(Pref) =

−4.36+2.35
−1.18 in bar, and log10(XH2O) = −5.48+0.16

−0.16. The retrieved P–T pro-
file has the following parameters: log10(P1) = −0.77+1.88

−2.35, log10(P2) =

−3.61+2.40
−1.62, log10(P3) = 1.45+1.10

−1.76, α1 = 0.85+0.11
−0.14, α2 = 0.67+0.22

−0.32, and
temperature of T0 = 870.11+82.12

−49.12 K. The retrieved values did not change
significantly compared to the assumption of an isothermal atmosphere
as in case 3. These numerical results agree with analytic studies that pre-
dict that while non-isothermal atmospheres distort the spectrum of an
isothermal one, the effects are subtle considering present data quality
with HST (Bétrémieux & Swain, 2018). The retrieved mixing fraction of
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Figure 12 Retrieved H2O abundances for the different cases shown in
Table 1 and Section 2.3. The abundance (i.e., mixing ratio) for case 1 has
been increased by 104 to be in the same range as the abundances of other
cases.

H2O is consistent with that of other studies (Madhusudhan et al., 2014b;
MacDonald & Madhusudhan, 2017a; Barstow et al., 2017).

2.3.6 Case 5: Case 4 + Full Cloud Cover

We continue to remove assumptions from our model and now consider
the possibility of clouds being present in the atmosphere of the planet.
There is no a priori information to assume that the atmosphere of the
hot Jupiter HD 209458 b is cloud-free. We consider the cloud prescription
of MacDonald & Madhusudhan (2017a) as explained at the beginning of
this section. We include four parameters for clouds and hazes. For hazes,
we use a, the Rayleigh-enhancement factor, and γ, the scattering slope.
For clouds, Pcloud and ϕ̄ characterize the pressure level of the optically
thick cloud deck and cloud coverage fraction, respectively. In this partic-
ular case, instead of considering a clear atmosphere like we did in case 4,
we consider the presence of a fully cloudy planet atmosphere by fixing
ϕ̄ = 100%.

The inclusion of a fully cloudy deck increases the number of retrieved
parameters from 9 to 12. The retrieved H2O abundance is log10(XH2O) =

−3.96+1.30
−1.21, while Rp = 1.38+0.04

−0.06 RJ, and Pref is log10(Pref) = −3.84+2.17
−1.37

in bar. The values of the retrieved parameters for the P–T profile are
T0 = 1940.56+251.87

−305.81 K, α1 = 0.68+0.20
−0.23, α2 = 0.60+0.24

−0.25, log10(P1) =

−1.30+1.88
−1.78, log10(P2) = −3.86+1.88

−1.39, and log10(P3) = 1.19+1.16
−1.66. The

cloud parameters are log10(a) = 0.39+3.81
−2.73, γ = −12.14+7.38

−4.97, and a cloud
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top pressure of log10(Pcloud) = −2.74+1.24
−1.27. Although the value of the re-

trieved planetary radius is still consistent with the observed radius, we
see that the 1σ limits have increased. Similar effects are seen with the
retrieved H2O abundance.

The interesting effect of the inclusion of a fully covering cloud deck
is that the H2O abundance is now hardly constrained. Because the pres-
sure at which this cloud deck could be located spans several orders of
magnitude, so does the H2O abundance. In this case, the cloud deck
mimics a surface (Bétrémieux & Swain, 2017), and the pressure at which
the cloud is located is fully degenerate with the retrieved H2O abun-
dance. A cloud deck at a higher altitude requires higher H2O abun-
dance to account for the same features, while a lower cloud deck can
explain the same features with a lower molecular abundance (e.g., Dem-
ing et al., 2013; Barstow et al., 2017). An alternate way to explain this is
similar to what happened with the inclusion of CIA in case 2. By low-
ering the cloud deck altitude (i.e., increasing the cloud top pressure),
we are increasing the effective column of the observable atmosphere,
which requires lower abundance than a smaller observable atmosphere
corresponding to a cloud deck at a higher altitude (i.e., decreasing the
pressure). We also notice that the lowest H2O abundance is consistent
with the lowest abundance found in case 2, due to CIA providing the
continuum opacity.

2.3.7 Case 6: Case 4 + Nonhomogeneous Clouds

We now consider the effects of nonhomogeneous cloud coverage on
constraining the H2O abundance. We include the cloud fraction ϕ̄ as
an extra free parameter. The retrieved parameters are log10(XH2O) =

−3.83+1.17
−0.67, Rp = 1.35+0.03

−0.05 RJ, and a reference pressure of log10(Pref) =

−3.61+2.46
−1.48 in bar. The P–T profile parameters are T0 = 1262.74+225.05

−230.98

K, α1 = 0.65+0.21
−0.21, α2 = 0.60+0.25

−0.25, log10(P1) = −1.22+1.86
−1.84, log10(P2) =

−3.90+2.00
−1.34, and log10(P3) = 1.27+1.13

−1.65. The retrieved cloud parameters
are log10(a) = 2.09+3.93

−3.88, γ = −8.60+7.87
−7.40, log10(Pcloud) = −4.70+1.33

−0.85,
and ϕ̄ = 0.68+0.05

−0.06.
The inclusion of nonhomogeneous clouds does not significantly change

the retrieved P–T profile parameters. It, however, allows a constraint on
the cloud fraction to be placed at ∼ 68%. Furthermore, Rp and Pref are
consistent with those of cases 4 and 5.

While the median value of the retrieved H2O abundance is consistent
with that of case 5, the uncertainty is smaller when nonhomogeneous



60 degeneracies in exoplanetary transmission spectra

clouds are considered. Considering a nonhomogeneous cloud cover al-
lows for a better H2O constraint compared to the assumption of a fully
cloudy atmosphere. It is true that the constraints in the case of a clear
atmosphere are even tighter (e.g., case 4), but the validity of this assump-
tion is not evident. Furthermore, previous studies suggest that failure to
consider nonhomogeneous cloud cover can bias molecular abundance
findings (Line & Parmentier, 2016).

We now look into other factors that could help further constrain molec-
ular abundances. Until now, we have only considered HST WFC3 data in
the near-infrared for retrievals with different model assumptions. Given
that the main differences in spectra with clouds manifest in the optical
wavelengths, we now incorporate data in the optical.

2.3.8 Case 7: Case 6 + Optical Data

Our seventh case considers the inclusion of an optical spectrum of our
case study hot Jupiter HD 209458 b. We included data from 0.30 to
0.95 µm from Sing et al. (2016). The addition of optical data helps con-
strain the Rayleigh slope and cloud properties (Benneke & Seager, 2012;
Griffith, 2014; Line & Parmentier, 2016). This also allows us to evaluate
the effects of more data considered in our retrieval. We keep the num-
ber of parameters the same as in case 6, for a total of 13. We report a
retrieved H2O abundance of log10(XH2O) = −4.37+0.61

−0.36. The planetary
radius retrieved is Rp = 1.35+0.03

−0.05 RJ, and log10(Pref) = −3.59+2.49
−1.54 is the

retrieved reference pressure.
The retrieved values for the P–T profile parameters and cloud pa-

rameters after including optical data are T0 = 1306.40+225.24
−257.81 K, α1 =

0.71+0.19
−0.22, α2 = 0.67+0.21

−0.26, log10(P1) = −1.34+2.02
−1.84, log10(P2) = −3.79+1.99

−1.45,
and log10(P3) = 1.23+1.20

−1.91. The cloud parameters are log10(a) = 7.65+0.24
−0.43,

γ = −8.97+1.07
−0.88, log10(Pcloud) = −5.29+0.25

−0.16, and ϕ̄ = 0.69+0.04
−0.05.

As expected, the parameters most affected, compared to case 6, are
those responsible for clouds and hazes. The inclusion of data in the
optical allows us to place tighter constraints on a and γ, which charac-
terize the slope in the optical. The cloud parameters are consistent with
those of case 6, with ϕ̄ mostly unchanged. However, the uncertainty in
log10(Pcloud) is smaller by almost a factor of 6 compared to the values in
case 6. Naturally, given that we now have information in the wavelength
range where the scattering slope manifests itself, our cloud and haze
prescription can fit for it, in contrast to previous cases where we fit for
the slope without adequate data in the optical range.
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Furthermore, by constraining the baseline of the spectrum, we are now
able to place better constraints on the H2O abundance. The uncertainties
on the H2O abundance are half as small as the ones from case 6. Thus,
it is evident that the inclusion of optical data allows for better estimates
of chemical abundances. Our numerical results show the importance of
short wavelengths in breaking key degeneracies and in better constrain-
ing molecular abundances in agreement with previous analytic studies
(e.g., Benneke & Seager, 2012; Griffith, 2014; Line & Parmentier, 2016).

The last step in increasing the physical reality of our model is to allow
for the presence of more molecules in our atmosphere. This would pre-
vent our models from trying to explain every spectroscopic feature with
only one molecule. Furthermore, a possible way to break the degeneracy
between Rp and mixing ratios is to consider the absorption features of
different absorbers (Benneke & Seager, 2012). In the next cases, we incor-
porate several species that can be prominent in hot Jupiter atmospheres,
e.g., Na, K, NH3, CO, HCN, and CO2 (Madhusudhan et al., 2016).

2.3.9 Case 8: Case 7 + Na and K

The first species we incorporate are the alkali atomic species Na and K.
Given that their spectroscopic features are present in the range covered
by the additional optical data, we investigate the impact these species
have on the retrieved H2O abundances. The values retrieved for the
species are log10(XH2O) = −4.94+0.28

−0.24, log10(XNa) = −5.55+0.53
−0.44, and

log10(XK) = −7.17+0.55
−0.52. The retrieved Rp is Rp = 1.37+0.02

−0.04 RJ and
Pref is log10(Pref) = −3.46+2.33

−1.67 in bar. For completion, we continue to
show our retrieved values for all other parameters as in previous cases.
The P–T profile parameters are T0 = 1064.75+283.29

−185.88 K, α1 = 0.59+0.25
−0.17,

α2 = 0.47+0.33
−0.21, log10(P1) = −1.16+1.98

−1.79, log10(P2) = −3.89+2.24
−1.43, and

log10(P3) = 1.22+1.21
−1.60. The retrieved nonhomogeneous cloud parameters

are log10(a) = 4.42+0.71
−1.26, γ = −14.42+5.59

−3.76, log10(Pcloud) = −4.69+0.77
−0.50,

and ϕ̄ = 0.49+0.06
−0.06. Our retrieved H2O abundance for this and other

cases is shown in Figure 12, and all retrieved parameters are summa-
rized in Tables 11 and 12.

The inclusion of Na and K has further decreased the 1σ spread of the
retrieved H2O abundance almost by a factor of 2. While the retrieved
H2O abundance is consistent with that of case 7, it is important to note
that the posterior distribution has shifted toward a lower H2O abun-
dance by ∼ 0.5 dex. This shift in the median value is as much as the
shift between case 6 and case 7 due to the inclusion of optical data. This
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suggests that the Na and K, which themselves are constrained by the
optical data, also strongly affect the retrieved H2O abundance. This is
due to better fitting the features in the optical. An additional effect is
the change in the retrieved cloud fraction from ∼ 70% in case 7 to ∼ 50%.
Evidently, these results will be sensitive to the absorption cross sections
being used. Nonetheless, it is clear that including molecules that have
signatures in the optical allow us to fit the data in those wavelengths
better and further constrain the H2O abundance. This has little effect on
the retrieved Rp and Pref, which continue to be well constrained.

2.3.10 Case 9: Case 8 + NH3

Next, we include NH3 as a source of opacity. The retrieval gives the
following results for molecular and atomic abundances: log10(XH2O) =

−4.91+0.27
−0.24, log10(XNa) = −5.53+0.51

−0.43, log10(XK) = −7.13+0.54
−0.51, and

log10(XNH3
) = −8.02+1.86

−2.64. The retrieved planetary radius and refer-
ence pressure are Rp = 1.37+0.02

−0.04 RJ and log10(Pref) = −3.39+2.43
−1.69, re-

spectively. The P–T profile parameters and cloud parameters are T0 =

1026.44+276.52
−161.11 K, α1 = 0.62+0.24

−0.18, α2 = 0.49+0.32
−0.22, log10(P1) = −1.18+1.97

−1.77,
log10(P2) = −3.95+2.19

−1.39, log10(P3) = 1.25+1.18
−1.59, log10(a) = 4.38+0.70

−1.16,
γ = −14.67+5.19

−3.57, log10(Pcloud) = −4.57+0.77
−0.56, and ϕ̄ = 0.47+0.06

−0.08.
In comparison to case 8, the inclusion of NH3 does not significantly

change the retrieved H2O abundance. Meanwhile, Rp and Pref also re-
main mostly unchanged. Although both NH3 and H2O have absorption
features in the WFC3 spectral range, the inclusion of NH3 does not af-
fect our retrieved H2O abundance. This is because H2O has generally
stronger features than NH3 in the WFC3 range; H2O is also expected to
be more abundant than NH3 at hot Jupiter temperatures. As such, the
cumulative opacity of NH3 is generally weaker than that of H2O, as also
seen in previous studies (MacDonald & Madhusudhan, 2017a,b).

2.3.11 Case 10: Case 9 + CO

We proceed by adding CO to our model. The retrieved volume mixing ra-
tios are log10(XH2O) = −4.90+0.26

−0.23, log10(XNa) = −5.52+0.52
−0.43, log10(XK) =

−7.11+0.54
−0.49, log10(XNH3

) = −8.14+1.95
−2.56, and log10(XCO) = −7.74+2.85

−2.72.
The P–T profile parameters are T0 = 1026.72+262.72

−157.60 K, α1 = 0.61+0.23
−0.18,

α2 = 0.49+0.32
−0.22, log10(P1) = −1.14+1.94

−1.77, log10(P2) = −3.87+2.15
−1.44, and

log10(P3) = 1.29+1.15
−1.55. The cloud parameters are log10(a) = 4.38+0.69

−1.14,
γ = −14.70+5.17

−3.55, log10(Pcloud) = −4.57+0.76
−0.54, and ϕ̄ = 0.47+0.06

−0.08. Lastly,
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the reference pressure and reference radius that we retrieve are Rp =

1.37+0.02
−0.04 RJ and log10(Pref) = −3.42+2.33

−1.66, respectively. With all values
being consistent with those presented in case 9, it is clear that the inclu-
sion of CO did not affect the retrieved values because of the weak CO
features in the WFC3 band.

2.3.12 Case 11: Case 10 + HCN

Second to last, we include HCN, which also has some features in the
WFC3 band. The resulting retrieved planetary radius and reference pres-
sure are consistent with those of case 10 with retrieved values of Rp =

1.37+0.02
−0.04 RJ and log10(Pref) = −3.45+2.26

−1.63. The retrieved abundances are
also consistent with values of log10(XH2O) = −4.88+0.27

−0.23, log10(XNa) =

−5.50+0.51
−0.42, log10(XK) = −7.09+0.54

−0.50, log10(XNH3
) = −8.11+1.90

−2.52, and
log10(XCO) = −7.75+2.82

−2.73. The additional molecule resulted in a retrieved
abundance of log10(XHCN) = −8.60+2.26

−2.17. Also consistent are the re-
trieved P–T profile parameters at T0 = 1013.53+248.73

−149.27 K, α1 = 0.62+0.23
−0.18,

α2 = 0.49+0.31
−0.22, log10(P1) = −1.15+1.93

−1.78, log10(P2) = −3.90+2.14
−1.42, and

log10(P3) = 1.26+1.16
−1.55. The cloud parameters are log10(a) = 4.34+0.69

−1.11,
γ = −14.63+4.99

−3.59, log10(Pcloud) = −4.52+0.73
−0.54, and ϕ̄ = 0.46+0.06

−0.08, which
are also consistent. Similar to NH3, our constraint on HCN is also weaker
given current data. Our constraint, however, is consistent with the mix-
ing ratio of ∼ 10−6, which was required to detect HCN on the day side
of the planet (Hawker et al., 2018).

2.3.13 Case 12: Case 11 + CO2

We add one last molecule, CO2, in order to have what we refer to
as a full retrieval. This is the equivalent to a state-of-the-art retrieval
in which several molecules and atomic species, a parametric P–T pro-
file, and nonhomogeneous clouds are considered, totaling 19 free pa-
rameters. This retrieval provides the following chemical abundance esti-
mates: log10(XH2O) = −4.87+0.27

−0.24, log10(XNa) = −5.48+0.52
−0.43, log10(XK) =

−7.07+0.54
−0.51, log10(XNH3

) = −8.09+1.89
−2.54, log10(XCO) = −7.73+2.79

−2.75, and
log10(XHCN) = −8.57+2.24

−2.22. The additional molecule has a retrieved abun-
dance of log10(XCO2

) = −8.46+2.43
−2.30. The retrieved P–T parameters are

T0 = 1022.15+246.41
−153.72 K, α1 = 0.60+0.23

−0.17, α2 = 0.50+0.31
−0.23, log10(P1) =

−1.03+1.88
−1.79, log10(P2) = −3.86+2.16

−1.42, and log10(P3) = 1.33+1.13
−1.54. The re-

trieved cloud parameters are log10(a) = 4.37+0.68
−1.08, γ = −14.61+4.93

−3.58,
log10(Pcloud) = −4.52+0.72

−0.55, and ϕ̄ = 0.46+0.06
−0.08. The retrieved plane-
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tary radius is Rp = 1.37+0.02
−0.04 RJ, and the retrieved reference pressure

is log10(Pref) = −3.45+2.24
−1.63.

Overall, with the inclusion of all the effects discussed, we find that the
combination of near-infrared and optical data allows strong constraints
on several important parameters and in resolving key degeneracies. The
H2O abundance is tightly constrained, and it is consistent with values
of previous studies (e.g., MacDonald & Madhusudhan, 2017a; Barstow
et al., 2017). Other chemical species are less well constrained owing
to their weaker opacities in the observed range. Nonetheless, retrieved
abundance estimates are consistent with studies that investigate their
presence in the planet’s atmosphere, e.g., detection of HCN (Hawker
et al., 2018). While the abundance of H2O is retrieved, Pref and Rp are
also retrieved, with the latter being consistent with the observed photo-
metric radius of Rp = 1.359+0.016

−0.019 RJ (Torres et al., 2008). The full retrieval
has resolved the degeneracy between XH2O, Rp, and Pref. Simultaneously,
the cloud fraction is retrieved with tight constraints on its value, indicat-
ing that the planet is not cloud free. The inclusion of multiple absorbers
in our retrievals helps break key degeneracies in our results. One of the
advantages of the retrieval technique is that robust models (i.e., those
that consider parametric P–T profiles, with many molecules, and partial
clouds) can be implemented efficiently. The posterior distributions for
the retrieved parameters of interest are included in Appendix A.

2.3.14 Key Lessons

Here we summarize the results from our case study of HD 209458 b
based on retrievals with various model assumptions. Overall, with the
inclusion of all the effects, we find that the combination of near-infrared
and optical data are responsible for strong constraints on several impor-
tant parameters resolving key degeneracies. The combination of data
and accurate models allows for high-precision retrievals that impose
tight constraints on the H2O abundance, Rp, Pref, and the cloud fraction.
The retrieved H2O abundances under different model assumptions are
shown in Figure 12. The full retrieval is able to also estimate the abun-
dance of other chemical species like HCN.

The retrieval’s ability to constrain the H2O abundance is not affected
by Rp and Pref. We find that is is possible to simultaneously retrieve both
Rp and Pref and find values for Rp in agreement with the observed photo-
metric radius. We also analyze the impact of the cloud fraction and the
potential degeneracy between this parameter, and the planetary radius
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and the H2O abundance. We first find that there are strong differences
in the retrieved H2O abundances between a cloud-free and fully cloudy
atmosphere. Assuming a fully cloudy atmosphere introduces a degener-
acy between the H2O abundance and the pressure at which the cloud
deck is located, because the cloud deck has the same effect as the opti-
cally thick photosphere on the transmission spectrum. An alternative to
this is to consider nonhomogeneous cloud coverage in the atmosphere
of the planet as there is no a priori information that favors a cloud-free
atmosphere or a 100% cloudy atmosphere. On the other hand, theoret-
ical models suggest the presence of partial clouds at the day-night ter-
minators, i.e., the limbs, of planets (e.g., Kataria et al., 2016; Parmentier
et al., 2016). We also find that in order to better constrain the clouds and
hazes, it is important to consider data points in the optical wavelength
range where clouds and hazes manifest themselves. We find that there
is no degeneracy between cloud fraction and radius of the planet. Fur-
thermore, it can be seen that it is not necessary to assume a fixed cloud
fraction, and instead it is better to allow for the cloud fraction to be a
free parameter in the retrieval.

A crucial lesson of our study is that CIA opacity is key in constraining
molecular and atomic abundances in both clear and cloudy atmospheres.
The lack of CIA due to H2-H2, H2-He in the model skews the retrieved
H2O abundance by several orders of magnitude. Once CIA contribution
is considered, the retrieved abundances are consistent within one order
of magnitude. The CIA opacity strictly limits the location of the plane-
tary photosphere and, hence, the column of the atmosphere above the
photosphere that is probed by the observed spectrum. Without CIA, the
photosphere will lie deeper in the atmosphere, increasing the observ-
able column. As such, the molecular abundances will be higher when
considering CIA in comparison to models without CIA.

The inclusion of optical data in retrievals is paramount to provide
highly constrained H2O abundances while helping constrain the range
of possible planetary radii and their associated reference pressures. In
addition, we find that Na and K absorption lines in the optical signif-
icantly affect the constraints on H2O abundances. The availability of a
broad spectral range between optical and near-infrared helps provide
joint constraints on the H2O abundance and the reference pressure or
the planetary radius. On the other hand, strong degeneracy still persists
between the Rp and Pref without affecting the H2O abundance. This re-
lationship is further discussed in Section 2.5. Optical data also allow for
tight constraints on the cloud fraction of the planet, making it possible
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Figure 13 Posterior distributions of the retrieval for simulated data of
HD 209458 b with 80% cloud coverage. The red dotted lines show the
value of the simulated parameters.

to assess whether a planet is cloud free or not. In the next section, we
investigate the effectiveness of the cloud parametrization and its abil-
ity to constrain the cloud fraction in the utmost case of a fully cloudy
atmosphere.

2.4 solutions to homogeneous cloud cover

Here we investigate the robustness with which clouds can be constrained.
In particular, we focus on the ability to retrieve the cloud fraction of the
atmosphere ϕ̄ in the worst case scenario of a fully cloudy atmosphere
(i.e., ϕ̄ = 100%). It can be argued that a 100% cloud deck leads to an
entirely degenerate set of solutions for the H2O abundances, as seen in
Section 2.3.6. This leads to the question of whether an inhomogeneous
cloud prescription can resolve this problem. In order to answer this ques-
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tion, we investigate the potential of retrievals to estimate the cloud frac-
tion covering a planet’s atmosphere. For this, we consider the median
values for the full retrieval of HD 209458 b, performed in Section 2.3.13,
which includes data in the near-infrared and optical ranges, multiple
molecules, a parametric P–T profile, and clouds. We use these values
to generate three synthetic datasets with three different cloud fractions.
The simulated data has the same resolution, error, and wavelength range
as the data in Sing et al. (2016). In our simulated data, we add random
error to the binned transit depth drawn from a normal distribution. The
simulated models have cloud fractions of 100%, 90%, and 80%.

Figures 13–15 show the results of our retrievals along with the values
of the parameters used in the simulated data. For all cloud fractions (ϕ̄),
our retrieved molecular abundances are consistent with the input value
within 2σ. H2O can be reliably estimated for ϕ̄ ≲ 80%. For higher ϕ̄,
only upper limits are found but the ϕ̄ is accurately retrieved. ϕ̄ is always
retrieved within ∼ 1σ. Furthermore, the retrieved ϕ̄, Rp, and Pref are
consistent with the input values in all cases. These results demonstrate
that the retrieval technique can discern the cloud fraction covering the
planet’s atmosphere without compromising the ability to retrieve other
properties.

The worst case scenario would be an atmosphere with 100% cloud
coverage at a very high altitude, as in the present case. Such a high-
altitude cloud deck mutes almost all spectral features, resulting in a flat
spectrum. Although no molecular abundances are reliably constrained
for this case, the cloud fraction is still correctly retrieved to be consistent
with 100% as shown in Figure 15. In principle, a 100% cloud deck at a
lower altitude, e.g., at 10 mbar pressure level, would still have some spec-
tral features. Stronger spectral features result in better constraints on the
model parameters even for 100% cloud coverage given adequate data
in the optical and infrared. Lower cloud fractions are naturally retriev-
able in all these cases. These results are consistent with the studies of
MacDonald & Madhusudhan (2017a) and agree that nonuniform cloud
coverage in models allows for a more precise determination of chemical
abundances in transmission spectra in comparison to models that as-
sume a fixed cloud fraction, effectively breaking the cloud-composition
degeneracies. These results also show that nonhomogeneous and homo-
geneous cloud scenarios are distinguishable, in agreement with Line &
Parmentier (2016).
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Figure 14 Posterior distributions of the retrieval for simulated data of
HD 209458 b with 90% cloud coverage. The red dotted lines show the
value of the simulated parameters.

2.5 the Rp –Pref degeneracy

As discussed in Section 2.1, several recent studies have highlighted pos-
sible degeneracies between chemical abundances, clouds/hazes, and ref-
erence radius in interpreting transmission spectra (e.g., Lecavelier Des
Etangs et al., 2008; Benneke & Seager, 2012; de Wit & Seager, 2013; Grif-
fith, 2014; Line & Parmentier, 2016; Heng & Kitzmann, 2017). In Sections
2.3 and 2.4, we demonstrate that the combination of multiband data and
realistic models can lead to precise constraints on key chemical abun-
dances, in this case H2O, along with other properties.

Recently, HK17 inferred a three-way degeneracy among Rp, Pref, and
XH2O as a fundamental hindrance for deriving chemical abundances.
They argue that one way to break the three-way degeneracy is to find a
functional relationship between Rp and Pref. In this section, we interpret
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Figure 15 Posterior distributions of the retrieval for simulated data of
HD 209458 b with 100% cloud coverage. The red dotted lines show the
value of the simulated parameters.

our results from Sections 2.2 and 2.3 and present an empirical relation
between Rp and Pref. We show that previous suggestions of a three-way
degeneracy are the result of model simplifications and inadequate data,
and that the primary degeneracy is between Rp and Pref.

The relationship between Rp and Pref is explored when a fit or re-
trieval is performed. We briefly revisit our reproduction of previous
semi-analytic results from Section 2.2 and our retrievals from Section
2.3. We begin by revisiting Figure 10, which shows a linear relationship
between Rp and log10(XH2OPref) obtained from fitting a near-infrared
WFC3 spectrum of the hot Jupiter WASP-12b. We find that the slope
can be described as m = −1/(H ln 10), where H is the atmospheric scale
height. The slope of the linear fit obtained by HK17 and reproduced by
us is m = −85.77. Using the above relationship, this slope is consistent
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with a scale height of 362 km, matching the estimated value for this
planet reported in HK17.

We now investigate this empirical finding using the retrievals from
Section 2.3, under different model assumptions. The correlations be-
tween log10(Pref) and Rp for each of our retrievals of Section 2.3 are
shown in Figure 16, along with a linear fit and the corresponding slope.
The fit is obtained using polyfit included in NumPy (Harris et al., 2020).
Accompanying this figure we have Figure 17, where we show log10(XH2O)

as a function of Rp for the same cases. Figure 17 shows the posterior dis-
tributions of XH2O, which become more localized as different assump-
tions are removed from the retrievals. It is clear from Figures 16 and
17 that while log10(Pref) and Rp are strongly degenerate, there is almost
no degeneracy between log10(XH2O) and Rp in most of the cases. The
only exception is case 5, with an assumed cloud fraction of 100%. This
assumption introduces a degeneracy between the cloud level (i.e., Pcloud)
and Rp. The different combinations of Rp and Pcloud that explain the
spectrum for an assumed ϕ̄ = 100% result in the wide spread of H2O
abundances observed in Figure 17, case 5.

From Figure 16, it can be observed that there is a log-linear relation
between Pref and Rp. The superimposed linear fit gives us an idea of
what the scale height for each model is, i.e., m = −1/(H ln 10), as we
did above with our analysis of Figure 10. While the slopes vary between
cases (m = −28 to −81), they converge to a value of m = −58 as the
model and data in our retrieval become more robust (i.e., case 7 and
above). Figure 16 also shows a temperature estimate for the photosphere
of the planet, which we obtain using the slope of the linear fit and as-
suming a mean molecular weight of 2.4 amu and a planet gravity of
log10(g) = 2.963 in cgs. We find that these temperature estimates range
between ∼ 1012 K and ∼ 1910 K for all cases except case 5; we discussed
the exception of case 5 previously. The temperature values converge in
case 12 to 1430 K, which is consistent with the equilibrium temperature
of the planet as well as the photospheric temperature estimated in pre-
vious studies (e.g., MacDonald & Madhusudhan, 2017a). These findings
suggest that the relationship between Rp and Pref is indeed governed by
the atmospheric scale height.

As our retrieval cases build toward full model considerations and ade-
quate data, the estimated slope and the scale height converge. This is to
be expected as data at short wavelengths help constrain the continuum
and, hence, the molecular abundances, the mean molecular mass, and
the scale height (Benneke & Seager, 2012; de Wit & Seager, 2013). As



2.5 the Rp –Pref degeneracy 71

6

4

2

0

2
lo

g(
P r

ef
) m=-43

T=1910 K

Case 1
m=-74

T=1110 K

Case 2
m=-76

T=1084 K

Case 3

6

4

2

0

2

lo
g(

P r
ef

) m=-81

T=1012 K

Case 4
m=-28

T=2890 K

Case 5
m=-46

T=1797 K

Case 6

6

4

2

0

2

lo
g(

P r
ef

) m=-50

T=1639 K

Case 7
m=-53

T=1564 K

Case 8
m=-55

T=1509 K

Case 9

1.25 1.30 1.35 1.40
Rp

6

4

2

0

2

lo
g(

P r
ef

) m=-55

T=1492 K

Case 10

1.25 1.30 1.35 1.40
Rp

m=-57

T=1439 K

Case 11

1.25 1.30 1.35 1.40
Rp

m=-58

T=1430 K

Case 12

Figure 16 Relationship between the retrieved planetary radius (Rp in
units of RJ) and the associated reference pressure (Pref in units of bar).
A linear fit is shown in red along with the slope in each panel. In the
top-right corner of each panel, the slope of a linear fit is presented. On
the bottom-left corner we present the temperature (in units of K) derived
from the best-fit slope assuming it is defined as m = −1/(H ln 10). The
12 panels correspond to the cases explained in Section 2.3.

such, the spread in H2O abundances seen in Figure 17 is not a result of
the Rp–Pref degeneracy, but a result of data quality and model assump-
tions. The better the data and model, the better the constraints we can
impose on the molecular abundances.

Here, we investigate a possible justification for the log-linear relation-
ship we empirically observe between Pref and Rp. Generally, the pressure
and distance in a planetary atmosphere are related by the consideration
of hydrostatic equilibrium. We explore whether the same can explain the
observed Pref–Rp relation.

An observed transmission spectrum consists of transit depths, i.e.,
(r/Rs)

2, as a function of wavelength. By knowing the radius of the star,
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Figure 17 Correlation between the retrieved planetary radius (Rp in units
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cases explained in Section 2.3. The spread in the retrieved values changes
under different assumptions, with case 12 being the most general case.
The H2O abundance (i.e., mixing ratio) in case 1 has been multiplied by
104 to be in the same range as the H2O abundance of other cases.

we know the observed radius (or effective radius) of the planet as a
function of wavelength. An observed effective radius should correspond
to an effective height in the atmosphere and the corresponding pressure
level, where the atmosphere has a slant optical depth of τλ ∼ τeq (Lecave-
lier Des Etangs et al., 2008). The equivalent slant optical depth (τeq) cor-
responding to the observed spectral features is discussed in more detail
in Section 2.5.1.

The pressure (P) and distance (r) in the atmosphere are related by
hydrostatic equilibrium as

ln
(

P

Pref

)
= −

µg

kB

∫r
Rp

1

T
dr ′. (11)
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Here, Rp and Pref are a reference planet radius and the corresponding
pressure, respectively. This equation can be solved if the temperature
profile with distance is known. Assuming an isotherm, P and r are re-
lated by

ln (P) = −
r

H
+ ln(Pref) +

Rp

H
, (12)

where H = kBT(µg)
−1 is the scale height.

This relation is linear in ln(P) and r with a slope of −1/H and an
intercept of ln(Pref) + Rp/H. We rewrite Equation 12 as

ln (P) = −a r+ b. (13)

The observed radii also provide another constraint. Given a set of ob-
servations rλ,i’s, the corresponding Pλ,i’s are those for which the slant
optical depths satisfy τλ,i ∼ τeq. From a procedural point of view, a
retrieval tries to find the best-fitting model parameters for which the
distances in the model atmosphere at r = rλ,i satisfy τλ ∼ τeq. The
atmospheric model consists of a fixed pressure grid, as discussed in Sec-
tion 2.3. For a given Rp and Pref, among other parameters drawn in a
model fit, the pressure grid is related to a distance grid using hydro-
static equilibrium as shown in Equation 12. These properties in turn are
used to create a grid of slant optical depths corresponding to the altitude,
or pressure, as a function of wavelength. The differential optical depth
along the line of sight is given by dτλ = nσλ ds, where σλ is the absorp-
tion cross section, n is the number density, and s is the distance along
the line of sight. Thus, the model has a distance grid on a one-to-one
correspondence with the pressure grid and an associated τλ map. In a
retrieval, the acceptable fit parameters are those for which the locations
of the observed rλ,i in the model distance grid have τλ ∼ τeq.

Thus, from Equation 13, given a set of observations rλ,i’s the values
of a and b can be constrained. a independently constraints the scale
height of the planet and the slope of hydrostatic equilibrium because
a = 1/H. Similarly, b helps determine a unique relationship through b =

Rp/H+ ln(Pref). Rearranging for ln(Pref) we obtain ln(Pref) = −Rp/H+ b,
where it is evident that Rp and Pref, by construction, will also need to
satisfy hydrostatic equilibrium with the same slope determined by a.

We can thus conclude that there is indeed a degeneracy between Pref

and Rp but it is well defined and it does not affect the retrieved molecular
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abundance. It is the functional form of b in Equation 13 that seems to
explain the −1/H behavior seen in Figures 10 and 16, and what defines
the relationship between Pref and Rp. Now, we inspect more closely the
requirement imposed for the observed radii to correspond to a constant
slant optical depth τλ ∼ τeq.
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Figure 18 Photospheric level of spectral features. The black solid line
shows the cloud-free model spectrum using the median values retrieved
for HD 209458 b as explained in Section 2.5.1. The color map repre-
sents the slant optical depth (τλ) and the τλ = 0.10, 0.56, 1.00, and 10.00
levels are shown in gray, red, white, and green, respectively. The black
dashed line shows the reference pressure level and its corresponding
transit depth, which in turn corresponds to the transit depth of the re-
trieved Rp. The transit depth and radius are related by the expression
∆ = R2

p/R
2
star.

2.5.1 The Slant Photosphere

Following the previous section, we investigate how the observed radius
at a given wavelength corresponds to a pressure through τλ. The one-to-
one correspondence between a set of observations rλ,i and their associ-
ated pressures is determined by the slant optical depth τ of the photo-
sphere. In this section, we explore further this notion of the equivalent
slant optical depth and how this helps constrain Rp and Pref. To illustrate,
we use the retrieved values of HD 209458 b for case 12 in Section 2.3 and
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generate a model spectrum for a cloud-free and isothermal atmosphere
with temperature set to the retrieved T0. For each wavelength in our
model, we obtain the slant optical depth as a function of the pressure
in the atmosphere corresponding to the impact parameter. We show a
contour of τλ in P− λ space in Figure 18.

Figure 18 shows both a pressure axis and a transit depth axis that
are related by our selection of Rp and Pref and hydrostatic equilibrium.
The color map shows that the equivalent slant photosphere appears at
pressures between 0.1 and 0.01 bar for most wavelengths. Furthermore,
it is clear from the model spectrum that the slant optical depth at the
apparent radius is ∼ 0.5. This τλ surface is close to τλ = 0.56, a value
first encountered numerically by Lecavelier Des Etangs et al. (2008) and
later discussed extensively by de Wit & Seager (2013). The cumulative
contribution of the atmosphere to the spectrum is consistent with an
opaque planet below the τeq surface. This factor provides an additional
constraint when fitting Equation 13. Following Figure 18, we find that
τ ≳ 0.5 generally determines the equivalent radius and motivates the
condition τλ ∼ τeq discussed in the previous section. This condition is
true for hot Jupiters and for most planetary atmospheres as long as Rp/H

is between ∼ 300 and ∼ 3000 (Lecavelier Des Etangs et al., 2008).

2.5.2 Retrieving Rp versus Pref

So far, the retrievals presented here have both Rp and Pref as parame-
ters in the retrieval. We have shown above that the degeneracy between
these variables can be characterized through an empirical relationship.
Several retrieval analyzes use only one of Rp or Pref as a free parameter
and assume a fixed value for the other (e.g., Benneke & Seager, 2012;
Kreidberg et al., 2015; Line & Parmentier, 2016; Sedaghati et al., 2017;
Chen et al., 2018; Wakeford et al., 2018; von Essen et al., 2019). Here, we
conduct retrievals that assume Pref and retrieve Rp and vice versa, in ad-
dition to case 12 in Section 2.3.13 where both were considered to be free
parameters. We compare the results and discuss whether the retrievals
are sensitive to these assumptions.

We start by assuming a reference pressure and retrieving a planetary
radius. Our retrieval is set up in the same way as in Section 2.3.13 for
case 12: the model includes volatiles, a parametric P–T profile, inho-
mogeneous cloud cover, and uses data in the near-infrared and opti-
cal. The retrieved planetary radius is Rp = 1.37+0.01

−0.01 RJ at an assumed
pressure in bar of log10(Pref) = −3.45. The assumed reference pres-
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Figure 19 Retrieved H2O abundances for three model considerations,
median value, and 1σ error bars. In blue, we show the case were both
Rp and Pref are retrieved. In yellow, only Pref is retrieved for an assumed
Rp, and in green, the opposite is shown. All three retrievals provide a
consistent H2O abundance, showing that the assumption of a radius or
reference pressure is inconsequential in the retrieval of H2O abundance.

sure was chosen to match the retrieved value in Section 2.3.13. The
H2O abundance is retrieved to a value of log10(XH2O) = −4.87+0.30

−0.25.
The other retrieved chemical abundances are log10(XNa) = −5.44+0.59

−0.45

and log10(XK) = −7.04+0.60
−0.54 for the atomic species, and log10(XNH3

) =

−8.34+2.06
−2.43, log10(XCO) = −7.72+2.88

−2.81, log10(XHCN) = −8.61+2.28
−2.23, and

log10(XCO2
) = −8.41+2.47

−2.35 for the molecular species. The retrieved pa-
rameters for the P–T profile are T0 = 1049.35+280.69

−173.03 K, α1 = 0.59+0.24
−0.16,

α2 = 0.54+0.29
−0.24, log10(P1) = −0.20+2.15

−2.21, log10(P2) = −3.44+2.57
−1.74, and

log10(P3) = 1.01+1.31
−1.71. The retrieved parameters for the inhomogeneous

cloud prescription are log10(a) = 44.42+0.68
−0.98, γ = −14.57+5.30

−3.68, a cloud
top pressure of log10(Pcloud) = −4.56+0.70

−0.53, and a cover fraction of ϕ̄ =

0.47+0.06
−0.08. All retrieved values are consistent within 1σ with the obtained

values when retrieving both Rp and Pref in case 12.
Then, we perform the retrieval in which we assume a planetary ra-

dius and retrieve the reference pressure. Here we assume a radius of
Rp = 1.359 RJ, using the value reported by Torres et al. (2008) and retrieve
a H2O abundance of log10(XH2O) = −4.84+0.28

−0.25 and a reference pressure
in bar of log10(Pref) = −2.48+0.46

−0.45. The retrieved P–T profile parameters
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are T0 = 1000.05+264.42
−143.28 K, α1 = 0.62+0.24

−0.18, α2 = 0.48+0.33
−0.22, log10(P1) =

−1.16+1.98
−1.77, log10(P2) = −3.92+2.19

−1.43, and log10(P3) = 1.25+1.20
−1.56. The re-

trieved cloud parameters are log10(a) = 4.40+0.68
−0.99, γ = −14.65+5.08

−3.63,
log10(Pcloud) = −4.54+0.69

−0.53, and ϕ̄ = 0.47+0.06
−0.08. The retrieved volume

mixing ratios are log10(XNa) = −5.44+0.55
−0.45, log10(XK) = −7.04+0.58

−0.53,
log10(XNH3

) = −8.11+1.94
−2.57, log10(XCO) = −7.75+2.88

−2.77, log10(XHCN) =

−8.58+2.34
−2.24, and log10(XCO2

) = −8.37+2.43
−2.35. Again, the retrieved values

are consistent with those of Section 2.3.13 to within 1σ.
We show the retrieved H2O abundances and their error bars in Fig-

ure 19 for the three cases. First, we show the retrieval in Section 2.3.13

where we retrieved both Rp and Pref. Second, we show the retrieval as-
suming an Rp and retrieving Pref. The third panel shows the remaining
permutation where we assume a Pref and retrieve Rp. All three retrieved
H2O mixing fractions are consistent with each other. These results con-
firm that it is not necessary to retrieve both Rp and Pref, assuming one
will retrieve the other and both will be used to determine the atmo-
spheric structure as discussed in Section 2.5. While the published work
(Welbanks & Madhusudhan, 2019) that forms this chapter was under re-
view, a follow-up paper to HK17 was published (Fisher & Heng, 2018),
which retracts some of the claims of HK17. They suggest breaking the
three-way degeneracy of HK17 for cloud-free atmospheres by deriving
a Pref for an Rp assuming it is associated with a part of the atmosphere
opaque to optical and infrared radiation, a similar procedure to that sug-
gested in previous studies (e.g., Griffith, 2014). They come to a similar
conclusion that it is not necessary to retrieve both Rp and Pref, and that
it is possible to assume the value of one or the other, as is common
practice in the literature (e.g., Benneke & Seager, 2012; Kreidberg et al.,
2015; Line & Parmentier, 2016; Sedaghati et al., 2017; Chen et al., 2018;
Wakeford et al., 2018; von Essen et al., 2019). However, here we show
that no such assumption of wavelength is necessary. The Rp can be fixed
to any measured value and the retrieval will automatically derive the
corresponding Pref.

2.5.3 Limitations of Semi-analytic Analysis

Based on our above results, here we summarize some key factors that
may have limited some previous studies using semi-analytic models for
constraining chemical abundances (e.g., Heng & Kitzmann, 2017; Fisher
& Heng, 2018). These key factors include ignoring the effects of CIA
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opacity, incorrect inferences from least-squares fits, and generalized con-
clusions drawn from inadequate data.

As we show in Section 2.3, ignoring the effects of CIA leads to an
incorrect estimate of molecular abundances by several orders of mag-
nitude. In the work of HK17, CIA effects were not considered, thereby
rendering their analytic solution incomplete. While the assumption of
isobaric opacities for molecular line absorption does not affect the re-
trieved molecular abundances substantially, the inclusion of CIA is in-
compatible with an isobaric assumption. Molecular features in current
data are less strongly affected by the pressure dependence, because the
spectrum probes lower pressures (P ≲ 0.1 bar) for these features. On the
other hand, CIA has strong dependence on the pressure. In other words,
CIA is proportional to P2 (de Wit & Seager, 2013), and its impact on
the spectrum is underestimated if evaluated at only one pressure (e.g.,
Fisher & Heng, 2018) or completely ignored (e.g., Heng & Kitzmann,
2017).

The more problematic assumption in the work of HK17 comes in their
inferred H2O abundances obtained from best fits to the observed WFC3

spectrum of WASP-12b as shown in their Figure 7. In that figure, they
claim to be showing values of XH2O(P0/10 bar)−1 as a function of the
assumed planetary radius R0. A close inspection of this graph suggests
that they are instead showing XH2O(P0/10 bar) as a function of the as-
sumed planetary radius. The linear trend they obtain in their figure is
likely a manifestation of the relationship between Pref and Rp, and not
XH2O. They claim that a small change in the assumed planetary radius
leads to a large change in the ordinate and hence the H2O abundance.
While this claim may be partly true, their inference regarding the H2O
abundance is manifestly incorrect. A large change in the product of
XH2O(P0/10 bar) is not because of a change in H2O abundance but a
change in the reference pressure. Changing the assumed planetary ra-
dius will change the associated reference pressure. As shown in Sec-
tions 2.3 and 2.5, the inferred H2O abundance is largely unaffected by
the Pref–Rp degeneracy.

Lastly, their work considers only the interpretation of WFC3 data and
ignores the effects of optical data. On the other hand, as we have shown
here, it is the inclusion of optical data that helps constrain molecular
abundances the most. The inclusion of optical data helps constrain the
effects of clouds, the reference pressure, and the scale height. These in
turn improve the constraint on the H2O abundance. Thus, retrievals that
do not take these factors into account are inherently biased toward in-
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correct chemical abundances (e.g., Fisher & Heng, 2018). As such, their
abundance estimates (e.g., of HD 209458 b) do not agree with retrievals
that use cloudy models and optical data (e.g., MacDonald & Madhusud-
han, 2017a; Barstow et al., 2017, and the present study).

In this chapter, we have shown an empirical relationship between Rp

and Pref that seems to be related to hydrostatic equilibrium. Furthermore,
we show that this relationship is independent of XH2O, effectively break-
ing the three-way degeneracy. Complimentary to this is the importance
of choosing the right models and assumptions in the model atmospheres.
Models ignoring CIA, considering only H2O opacity, along with con-
stant gravity and mean molecular weight, lead to poor constraints in
the retrieved H2O abundance. Equally important are the consideration
of inhomogeneous cloud coverage and inclusion of optical data in con-
straining molecular abundances.

2.6 summary and discussion

We conduct a detailed analysis of degeneracies in transmission spectra of
transiting exoplanets. We investigate the effect of various model assump-
tions and spectral coverage of data on our ability to constrain molecu-
lar abundances. Utilizing atmospheric retrievals, we test simple isobaric
and isothermal atmospheric models for their ability to constrain molec-
ular abundances using infrared spectra alone. We later remove these
assumptions one by one until a realistic atmospheric model composed
of H2/He CIA, multiple chemical species, a full P–T profile, inhomoge-
neous cloud coverage, and the inclusion of broadband data spanning
infrared to optical is obtained. We conduct this investigation using the
canonical example of HD 209458 b, a hot Jupiter that has the best data
currently available.

We identify several key properties that need to be accounted for in
models for reliable estimates of chemical abundances, in particular H2/He
CIA opacities, a full P–T profile, and possible inhomogeneities in cloud
cover. The inclusion of CIA has the most effect in accurately constraining
chemical abundances as it provides a natural continuum in the model
spectrum.

We find that the degeneracies between molecular abundances and
cloud properties can be alleviated by the inclusion of optical data. Opti-
cal data provide constraints on the scattering slope in the optical as well
as a continuum for the full spectrum. As such, optical data are key to
constrain molecular abundances using transmission spectra. When op-



80 degeneracies in exoplanetary transmission spectra

tical data are included, considering Na and K absorption significantly
influences the retrieved H2O abundances, making them more precise.
We also find that assuming a cloud fraction a priori (e.g., 100% cloud
cover) leads to erroneous estimates on molecular abundances. Leaving
the cloud fraction as a free parameter allows for molecular estimates
more accurate than those obtained when assuming a fixed cloud cover
fraction.

We show, using simulated data, that even in the case of an atmosphere
with 100% cloud cover, the retrievals are able to closely retrieve abun-
dances and other properties. In principle, Rp is degenerate with the pres-
sure level of the cloud top. However, the range of altitudes, and hence
pressures, of the cloud top where it affects the spectrum is limited. A
100% cloud deck must be at an altitude higher than the line-of-sight
photosphere and lower than the level where the atmosphere is optically
thin. In the former case, the cloud deck does not contribute significantly,
and in the latter case, the cloud deck causes a featureless spectrum, con-
trary to observed features. On the other hand, we show that an inhomo-
geneous cloud model accurately retrieves the cloud fraction even for a
100% cloudy case. Among the considerations that we leave unexplored
in this set of retrievals are the effect of stellar activity on the transmission
spectra and its consequence in resolving degeneracies, and the presence
of shifts or offsets between data taken from different instruments. Other
aspects to consider in the future include inhomogeneities across the limb
due to the 3D structure of an atmosphere (e.g., Caldas et al., 2019), refrac-
tion in the atmosphere (e.g., Bétrémieux, 2016), height-varying chemical
abundances (e.g., Parmentier et al., 2018), and various cloud properties
(e.g., Vahidinia et al., 2014; Barstow et al., 2016a). Future work and re-
trieval frameworks like that of Pinhas et al. (2018) could help elucidate
these aspects. Overall, the quality of the data and the wavelengths they
span are fundamental in breaking degeneracies and retrieving molecular
abundances.

We also discuss the limitations of semi-analytic studies in fully as-
sessing degeneracies in transmission spectra. One important finding is
that the degeneracy between Pref and Rp does not lead to an inability
to determine molecular abundances in transit spectroscopy, contrary to
previous suggestion. We show an empirical relationship between the
planetary radius and the reference pressure that characterizes their de-
generacy. We find that ln(Pref) and Rp have a linear relationship with a
slope of −1/H and suggest that this behavior is rooted in hydrostatic
equilibrium. For each Rp, there is an associated Pref and vice versa. As
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such, it is redundant to perform retrievals that consider both quantities
as free parameters. Instead, we demonstrate that it is justified to assume
a value for one quantity and to retrieve the other. Some studies assume
an Rp and retrieve a Pref; here we demonstrate that the inverse is also
consistent, i.e., that it is possible to assume a Pref and retrieve the radius
of the planet corresponding to that Pref.

We investigate the origins of spectral features in transmission spectra
by following the line-of-sight opacity of the planet as a function of the
vertical pressure level and wavelength. This allows us to calculate the
height and pressure levels in the atmosphere at which the observed fea-
tures are generated and compare it to the white light radius. We show
that the effective radius corresponding to the observed transit depth at a
given wavelength corresponds to a level in the atmosphere with a slant
optical depth of τ ≳ 0.5, as also suggested by previous studies.

Overall, our study demonstrates the effectiveness of high-precision
spectra and realistic models to retrieve atmospheric abundances. Data
with current facilities such as HST and VLT over the visible and near-
infrared can already provide valuable constraints on abundances of key
species such as H2O, Na, K, etc. The upcoming James Webb Space Tele-
scope and ground-based facilities therefore hold great promise for char-
acterizing exoplanetary atmospheres using transmission spectra.





3
M A S S - M E TA L L I C I T Y T R E N D S I N T R A N S I T I N G
E X O P L A N E T S F R O M AT M O S P H E R I C A B U N D A N C E S
O F H 2 O , N A , A N D K

Atmospheric compositions can provide powerful diagnostics of forma-
tion and migration histories of planetary systems. In this chapter1, we
investigate constraints on atmospheric abundances of H2O, Na, and K,
in a sample of transiting exoplanets using the latest transmission spec-
tra and new H2 broadened opacities of Na and K. Our sample of 19

exoplanets spans from cool mini Neptunes to hot Jupiters, with equi-
librium temperatures between ∼ 300 and 2700 K. Using homogeneous
Bayesian retrievals we report atmospheric abundances of Na, K, and
H2O, and their detection significances, confirming 6 planets with strong
Na detections, 6 with K, and 14 with H2O. We find a mass-metallicity
trend of increasing H2O abundances with decreasing mass, spanning
generally substellar values for gas giants and stellar/superstellar for
Neptunes and mini Neptunes. However, the overall trend in H2O abun-
dances, from mini Neptunes to hot Jupiters, is significantly lower than
the mass-metallicity relation for carbon in the solar system giant planets
and similar predictions for exoplanets. On the other hand, the Na and
K abundances for the gas giants are stellar or superstellar, consistent
with each other, and generally consistent with the solar system metal-
licity trend. The H2O abundances in hot gas giants are likely due to
low oxygen abundances relative to other elements rather than low over-
all metallicities, and provide new constraints on their formation mecha-
nisms. The differing trends in the abundances of species argue against
the use of chemical equilibrium models with metallicity as one free pa-
rameter in atmospheric retrievals, as different elements can be differ-
ently enhanced.

1 The contents of this chapter are based on the published work of Welbanks et al. (2019).
As explained in Section 3.4, the retrieval framework used in this work is an adaptation
of AURA (Pinhas et al., 2018) developed in Prof. Nikku Madhusudhan’s research group.
Nicole F. Allard, Ivan Hubeny, and Fernand Spiegelman contributed to the contents
of this chapter by providing the calculation of the Na and K absorption cross sections
including the effects of broadening due to H2, and to the coresponding text in Section
3.3. Dr. Kaisey Mandel contributed to the published work though helpful conversations.
Besides overall supervision, Prof. Nikku Madhusudhan contributed to the text on planet
formation in Sections 3.5.2 and 3.6.
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3.1 introduction

Exoplanet science has entered an era of comparative studies of planet
populations. Several studies have used empirical metrics for compara-
tive characterization of giant exoplanetary atmospheres based on their
transmission spectra (e.g., Heng, 2016; Sing et al., 2016; Stevenson, 2016;
Fu et al., 2017). Comparative studies are also being carried out using full
atmospheric retrievals, primarily constraining H2O abundances and/or
cloud properties from transmission spectra (e.g., Madhusudhan et al.,
2014b; Barstow et al., 2017; Pinhas et al., 2019). Besides H2O, Na and
K are the most observed chemical species in giant exoplanetary atmo-
spheres using space- and ground-based telescopes (e.g., Charbonneau
et al., 2002; Redfield et al., 2008; Wyttenbach et al., 2015; Sing et al.,
2016; Nikolov et al., 2018). As observations improve in precision, recent
studies have begun to retrieve Na and K abundances from transmission
spectra (e.g Nikolov et al., 2018; Fisher & Heng, 2019; Pinhas et al., 2019).

Previous ensemble studies have focused on H2O and found low abun-
dances compared to solar system expectations (e.g., Madhusudhan et al.,
2014b; Barstow et al., 2017; Pinhas et al., 2019). However, it has been un-
clear if the low H2O abundances are due to low overall metallicities, and
hence low oxygen abundances, or due to high C/O ratios (Madhusud-
han et al., 2014b) or some other mechanism altogether. Therefore, abun-
dance estimates of other elements such as Na and K provide an impor-
tant means to break such degeneracies, and provide potential constraints
on planetary formation mechanisms (e.g., Öberg et al., 2011; Madhusud-
han et al., 2014c; Thorngren et al., 2016; Mordasini et al., 2016). In the
present chapter, we conduct a homogeneous survey of Na, K, and H2O
abundances for a broad sample of transiting exoplanets, and investigate
their compositional diversity.

3.2 observations

We consider transmission spectra of 19 exoplanets with masses ranging
from 0.03 to 2.10 MJ and equilibrium temperatures from 290 to 2700 K,
as shown in Table 2. The spectral range covered in the observations gen-
erally spans 0.3–5.0 µm obtained with multiple instruments, including
Hubble Space Telescope (HST) Space Telescope Imaging Spectrograph
(STIS) (∼ 0.3–1.0 µm), HST Wide Field Camera 3 (WFC3) G141 (∼ 1.1–
1.7 µm), and Spitzer photometry (3.6 and 4.5 µm), for most planets and
ground-based optical spectra (∼ 0.4–1.0 µm) for some planets. We select
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the sample of 10 hot Jupiters with HST and Spitzer observations from
Sing et al. (2016). We expand the sample by including five other plan-
ets that have ground-based transmission spectra in the optical: GJ3470b
(Chen et al., 2017; Benneke et al., 2019b), HAT-P-26b (Stevenson et al.,
2016; Wakeford et al., 2017a), WASP-127b (Chen et al., 2018), WASP-33b
(von Essen et al., 2019), and WASP-96b (Nikolov et al., 2018). We include
four more planets with strong H2O detections: WASP-43b (Kreidberg
et al., 2014b; Stevenson et al., 2017), WASP-107b (Spake et al., 2018), K2-
18b (Benneke et al., 2019a), and HAT-P-11b (Chachan et al., 2019).

For the sample of Sing et al. (2016) we use the data selection from Pin-
has et al. (2019), with the exception of WASP-39b for which we use the
combined transmission spectrum of Kirk et al. (2019), and WASP-19b for
which we use a ground-based transmission spectrum from the FORS2

Spectrograph at the Very Large Telescope (VLT; Sedaghati et al., 2017).
The VLT spectrum is of higher resolution than the STIS spectrum and
showed evidence for spectral features; we note that the same features
were not seen by Espinoza et al. (2019) in a ground-based spectrum ob-
tained with GMT at a different epoch, albeit with lower resolution. For
each data set, we follow the same data treatment for retrieval as in the
corresponding work.

The spectral range of the data allow simultaneous constraints on Na,
K, and H2O, along with other atmospheric properties. The optical range
probes the prominent spectral features of Na (∼ 589 nm) and K (∼
770 nm), and contributions from scattering phenomena such as Rayleigh
scattering and clouds/hazes (e.g., Sing et al., 2016), as well as absorption
from other chemical species such as TiO (e.g., Sedaghati et al., 2017). On
the other hand, the HST WFC3 and Spitzer bands probe molecular opac-
ity from volatile species such as H2O, CO, and HCN (Madhusudhan,
2012).

3.3 h2 broadened alkali cross sections

Given our goal of constraining abundances of Na and K based on optical
transmission spectra it is important to ensure accurate absorption cross
sections of these species in the models. We use the latest atomic data
on Na and K absorption including broadening due to H2 which is the
dominant species in gas giant atmospheres. The Na line data is obtained
from Allard et al. (2019) and the K line data is obtained from Allard
et al. (2016). The line profiles are calculated in a unified line shape semi-
classical theory (Allard et al., 1999) that accounts both for the centers of
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the spectral lines and their extreme wings, along with accurate ab initio
potentials and transition moments.
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Figure 20 Absorption cross sections of Na and K broadened by H2 at
different pressures and temperatures. Line profiles for each pressure ap-
pear as a group. In each group, the darker colors (broader wings) denote
hotter temperatures.

We compute the cross section for H2 broadened Na for both the D1

and D2 doublets at 5897.56 Å and 5891.58 Å respectively. We calculate
the contributions from the core of the lines and their broadened wings
for 500, 600, 725, 1000, 1500, 2000, 2500, and 3000 K for pressures equally
spaced in log space from 10−5 to 102 bar. We repeat this procedure for
H2 broadened K for the D1 and D2 doublet peaks at 7701.10 Å and
7667.02 Å , at 600, 1000, 1500, 2000, and 3000 K. Figure 20 shows the
H2 broadened cross sections of Na and K for a range of pressures and
temperatures. The extended wings of our alkali cross sections, particu-
larly of K, stop below ∼ 1.4 µm for the typical pressures and tempera-
tures probed by transmission spectra. As such, these cross sections do
not provide an extended continuum to the spectrum in the HST WFC3

band, which results in retrieved H2O abundances that are conservatively
higher. Future calculations including other transition lines in the near-
infrared and their H2 broadening could extend Na/K opacity into the
WFC3 range.
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3.4 atmospheric retrieval

We follow the retrieval approach in Welbanks & Madhusudhan (2019)
based on the AURA retrieval code (Pinhas et al., 2018). The code allows
for the retrieval of chemical abundances, a pressure-temperature profile,
and cloud/haze properties using spectra from multiple instruments. The
model computes line by line radiative transfer in a transmission geome-
try and assumes hydrostatic equilibrium and uniform chemical volume
mixing ratios in the atmosphere. A full description of the retrieval setup
can be found in Pinhas et al. (2019) and Welbanks & Madhusudhan
(2019), see also Chapter 2.

Besides the new H2 broadened alkali species discussed in Section 3.3,
we include opacities due to other chemical species possible in hot giant
planet atmospheres (Madhusudhan, 2012). Our retrievals generally con-
sider absorption due to H2O (Rothman et al., 2010), Na (Allard et al.,
2019), K (Allard et al., 2016), CH4 (Yurchenko & Tennyson, 2014), NH3

(Yurchenko et al., 2011), HCN (Barber et al., 2014), CO (Rothman et al.,
2010), and H2-H2 and H2-He collision induced absorption (CIA; Richard
et al., 2012). Additionally, following previous studies (Chen et al., 2018;
von Essen et al., 2019; Sedaghati et al., 2017; MacDonald & Madhusud-
han, 2019), we include absorption due to Li (Kramida et al., 2018) for
WASP-127b, AlO (Patrascu et al., 2015) for WASP-33b, TiO (Schwenke,
1998) for WASP-19b, and CrH (Bauschlicher et al., 2001), TiO, and AlO
for HAT-P-26b. We exclude absorption due to Na and K for K2-18b, GJ-
3470b, and WASP-107b as it is not expected for these species to remain
in gas phase at the low temperatures of these planets (e.g., Burrows
& Sharp, 1999). The absorption cross sections are calculated using the
methods of Gandhi & Madhusudhan (2018).

The parameter estimation and Bayesian inference is conducted using
the nested sampling algorithm implemented using PyMultiNest (Buch-
ner et al., 2014). We choose log uniform priors for the volume mixing
ratios of all species between −12 and −1. We further expand this prior
to −0.3 for planets less massive than Saturn (∼ 0.3 MJ) to allow for ex-
tremely high (∼ 50%) H2O abundances. The temperature prior at the top
of the atmosphere is uniform with a lower limit at 0 K for Teq. < 900 K,
400 K for 900 K < Teq. < 1200 K, and 800 K for Teq. > 1200 K, and
a higher limit at Teq. + 100 K. Our retrieval of WASP-19b allows for a
wavelength shift relative to the model for VLT FORS2 data only, as per-
formed by Sedaghati et al. (2017). The retrievals performed in this study
have in general 18 free parameters: 7 chemical abundances, 6 for the
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Figure 21 Observations and retrieved model transmission spectra of ex-
oplanets showing evidence of Na and/or K in the optical wavelengths.
Dotted lines show the wavelength positions for Na (∼ 0.589 µm) and K
(∼ 0.770 µm). Observations are shown in blue while median retrieved
models and confidence intervals (1σ and 2σ) are shown in red and pur-
ple respectively. The top six panels show planets with evidence for Na
or K above 2σ, and the bottom three show those with weaker evidence
(see Table 2).

pressure-temperature profile, 4 for clouds and hazes, and 1 for the refer-
ence pressure at the measured observed radius of the planet.

3.5 results

The atmospheric constraints for our sample of 19 transiting exoplanets,
ranging from hot Jupiters to cool mini Neptunes are shown in Table 2.
Priors and posterior distributions are available in Appendix B. The detec-
tion significance is calculated from the Bayes factor (Benneke & Seager,
2013; Buchner et al., 2014). We consider reliable abundance estimates to
be those with detection significances larger than 2σ.
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3.5.1 Abundances of H2O, Na, and K

We confirm detections of H2O, Na, and K in 14, 6, and 6 planets, re-
spectively, at over 2σ confidence, as shown in Table 2. Figure 21 shows
the observed spectra and model fits for planets where at least one of
either Na or K is detected. Our retrieved abundances (volume mixing
ratios) for these species are broadly consistent with previous surveys
and studies on each planet, as discussed in Sections 3.1 and 3.2. The
abundances can be assessed relative to expectations from thermochem-
ical equilibrium for solar elemental composition (Asplund et al., 2009).
For solar composition (C/O = 0.54), at T ≳ 1200 K roughly half the oxy-
gen is expected to be in H2O, at 1 bar pressure (Madhusudhan, 2012).
Thus, log10(XH2O) ∼ −3.3 and −3.0 for T above and below 1200 K, re-
spectively. Similarly, log10(XNa) ∼ −5.76, and log10(XK) ∼ −6.97 for
T ≳ 1100–1200 K, below which they enter molecular states (Burrows &
Sharp, 1999). Figure 22 shows the abundances of Na, K, and H2O relative
to expectations based on their stellar elemental abundances as described
above for solar composition. The stellar abundances (e.g., Brewer et al.,
2016) used here are presented in Appendix B. For stars without [Na/H],
[O/H], or [K/H] estimates we adopt the [Fe/H] values.

The best constraints are obtained for H2O across the sample, with pre-
cisions between ∼ 0.3 and 1 dex for many of the planets, as shown in Fig-
ure 22. The median H2O abundances for most of the gas giants are sub-
stellar, with some being consistent to stellar values within ∼ 1σ. On the
other hand, smaller planets show an increase in H2O abundances, albeit
with generally larger uncertainties. In the ice giants and mini Neptunes
the median abundances are nearly stellar, with the exception of HAT-P-
26b and HAT-P-11b, which are significantly superstellar and substellar,
respectively. An exception is the hot Saturn WASP-39b for which anoma-
lously high H2O was reported with the latest data (Wakeford et al., 2018;
Kirk et al., 2019). We find its abundance estimates to be sensitive to the
choice of priors; we report two estimates with different priors in Table 2.
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Figure 22 Mass-metallicity relation for planets with chemical detections
above 2σ significance (see Table 2). The H2O/H, Na/H, and K/H abun-
dances are shown in blue, yellow, and orange, respectively. All the
abundances are normalized to expectations based on their host stars,
as described in Section 3.5.1. The metallicity estimates for the solar
system giant planets using their methane (CH4) abundances (Atreya
et al., 2018) are shown in coral. The coral shaded regions show the
1σ and 2σ metallicity trend for the solar system planets resulting
from a linear fit. The corresponding fit to the exoplanet H2O abun-
dances, excluding WASP-39b (see Section 3.5.2), and the confidence
intervals are shown in the blue line and sky blue shaded regions.
The fits are log10(CH4/H) = −1.11+0.11

−0.10 log10(M/MJ) + 0.38+0.06
−0.06 and

log10(H2O/H) = −1.09+0.34
−0.33 log10(M/MJ) − 0.95+0.21

−0.19. The alkali (H2O)
abundances for the sample are generally above (below) the solar system
trend. Results for WASP-39b∗ (see Table 2) and some labels have been
offset in mass for clarity.

Contrary to H2O, the median abundances of Na and K are nearly stel-
lar or superstellar across the seven gas giants. The alkali abundances
are retrieved only for the gas giants in our sample, with uncertainties
larger than those for H2O. For planets where they are nearly stellar (e.g.,
HD 209458 b) Na and K are still more enhanced relative to H2O, as with
the other planets. The retrieved alkali abundances represent the popula-
tion of ground state species. While previous studies noted the effect of
non-LTE ionization on the absorption strength of alkali lines (Barman
et al., 2002; Fortney et al., 2003), others (e.g., Fisher & Heng, 2019) show
that the effect is less pertinent for interpretation of low resolution spectra
as in the present study. Our retrieved Na abundances are consistent with
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Fisher & Heng (2019) for the same planets. Nonetheless, as discussed in
Welbanks & Madhusudhan (2019, see Chapter 2), the simplified model
assumptions in Fisher & Heng (2019, e.g., isotherms, limited absorbers,
and no CIA opacity) likely affect the precision and accuracy of their
abundance constraints, perhaps explaining their unphysically high tem-
peratures even in LTE. Furthermore, alkali broadening in Fisher & Heng
(2019) is inconsistent with the more accurate broadening (Allard et al.,
2019) used in the present chapter.

3.5.2 Abundance Ratios and Mass-Metallicity Relation

The abundances of Na, K, and H2O provide constraints on their differ-
ential enhancements in hot gas giant atmospheres relative to their host
stars. Figure 23 shows abundances of different species, relative to their
host stars, compared against each other. Planets with significant indi-
cations of Na and K, i.e., WASP-127b, WASP-39b, HD 189733 b, and
HD 209458 b, have a normalized K/Na ratio consistent with unity. Thus,
the abundances of Na and K closely follow their stellar proportions;
they are enhanced or depleted together in the planetary atmosphere
relative to the star. On the contrary, the H2O/Na ratios deviate signifi-
cantly from their stellar expectations, especially for those planets with
the tightest constraints: HD 209458 b and HD 189733 b. The right panel
in Figure 23 shows that for the small sample of planets with strong detec-
tions (≳ 2σ) of both Na and H2O, most have preferential enhancement
of Na relative to H2O compared to stellar expectations; the only excep-
tion being WASP-39b. A similar trend can be inferred for H2O/K, i.e.,
of K-enhancement and H2O-depletion, given the Na/K ratios consistent
with unity (left panel in Figure 23). Given the present small sample of
objects (N = 4) with strong detections of all three species (Na, K, and
H2O), future observations for more objects are required to further assess
the Na/K trends seen here.

The H2O abundances retrieved across our diverse sample of plan-
ets allow us to investigate a mass-metallicity relation for their atmo-
spheres. In the solar system giant planets, CH4 is thought to contain
most of the carbon given their low temperatures. Thus, the CH4 abun-
dance has been used as a proxy for the carbon abundance and hence
the metallicity (Atreya et al., 2018). A linear fit to the solar system CH4

abundances leads to a “mass-metallicity" relation of log10(CH4/H) =

−1.11+0.11
−0.10 log10(M/MJ) + 0.38+0.06

−0.06. As discussed in Section 3.5.1, the
H2O abundances in our exoplanet sample also show a gradually in-
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Figure 23 Normalized abundances of Na, K, and H2O for detections
above 2σ significance. Left: K vs. Na abundances normalized by host
stellar abundances. Right: normalized H2O vs. Na abundances. Abun-
dances are normalized following the description in Section 3.5.1. The
red dashed diagonal line in each plot shows the “unity line" where the
normalized abundance ratio between species is equal to 1. The black
dashed lines show individual normalized mixing ratios equal to 1. Two
values are shown for WASP-39b corresponding to Table 2 in a lighter
shade.

creasing trend with decreasing mass as shown in Figure 22. However,
the H2O abundances across the entire sample, down to the mini Nep-
tunes, largely fall below the solar system metallicity trend based on CH4

abundances. A linear fit to the retrieved exoplanetary H2O abundances,
excluding WASP-39b due to its strong prior dependence, yields an H2O
“mass-metallicity" relation of log10(H2O/H) = −1.09+0.34

−0.33 log10(M/MJ)−

0.95+0.21
−0.19, which is inconsistent with the solar system CH4 measure-

ments at over 6σ. On the other hand, the Na and K abundances for
the gas giants are mostly consistent with the solar system carbon trend,
albeit aided by their larger uncertainties.

3.6 discussion

Our study reveals three key trends in the atmospheric compositions of
our exoplanet sample. First, from mini Neptunes to hot Jupiters, H2O
abundances are generally consistent with or depleted compared to equi-
librium expectations based on stellar abundances, and lower than the
solar system metallicity trend. Second, the gas giants exhibit Na and
K abundances consistent with or higher than those of their host stars
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and the solar system trend. Lastly, the Na and K elemental ratios are
consistent with each other.

The overall low H2O abundances across the sample contrasts with
solar system predictions. Besides the carbon enhancements seen in the
solar system (Figure 22), other elements such as nitrogen, sulfur, phos-
phorous, and noble-gases are also enhanced in Jupiter (Atreya et al.,
2018); the oxygen abundance is unknown as H2O condenses at the low
temperatures of solar system giants. Considering that oxygen is the most
cosmically abundant element after H and He, it is expected to be even
more enhanced than carbon in giant planets, according to solar system
predictions (Mousis et al., 2012). Therefore, the consistent depletion of
H2O abundances in our sample suggest different formation pathways
for these close-in exoplanets compared to the long-period solar system
giants.

The H2O abundance is likely representative of the oxygen abundance
(O/H) for our cool Neptunes/mini Neptunes. The H2O abundance is
less sensitive to C/O for T ≲ 1200 K, with most of the O bound in H2O
regardless of C/O (Madhusudhan, 2012). Thus, the H2O abundances for
our exo-Neptunes and mini Neptunes (T ≲ 1200 K) indicate somewhat
lower metallicities in their atmospheres than solar system expectations
(Atreya et al., 2018). On the other hand, for hot gas giant photospheres
(T ≳ 1200 K), the H2O abundance depends on both the O/H and C/O
ratios. A C/O ∼ 1 can lead to ∼ 100× depletion in H2O compared to
solar C/O (0.54). Thus, even for a solar or super-solar O/H the H2O in
hot gas giants can be subsolar if the C/O is high.

The low H2O abundances in hot gas giants are therefore unlikely to
be due to low O/H or low overall metallicities, considering the higher
alkali enrichments in some planets. An atmosphere depleted up to 100×
in O/H while being enriched in other elements is unlikely (Madhusud-
han et al., 2014c). Instead, the H2O underabundance and alkali enrich-
ment are likely due to superstellar C/O, Na/O, and K/O ratios, i.e., an
overall stellar or superstellar metallicity but oxygen depleted relative to
other species. This addresses the degeneracy between C/O and metal-
licity prevalent since the first inferences of low H2O abundances in hot
Jupiters (Madhusudhan et al., 2014b).

These H2O abundances in hot gas giants, while generally inconsistent
with expectations from solar system and similar predictions for exoplan-
ets (e.g., Mousis et al., 2012; Thorngren et al., 2016), could suggest other
formation pathways. The combination of stellar or superstellar metallici-
ties and high C/O ratios in hot Jupiters can instead be caused by primar-
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ily accreting high C/O gas outside the H2O and CO2 snow lines (Öberg
et al., 2011; Madhusudhan et al., 2014c). The high Na and K abundances
could potentially be caused by accretion of planetesimals rich in alkalis
at a later epoch, potentially even in close-in orbits. Another possibility is
the formation of giant planets by accreting metal-rich and high C/O gas
caused by pebble drift (Öberg & Bergin, 2016; Booth et al., 2017). Future
studies could further investigate these avenues to explain the observed
trends.

Finally, our study highlights important lessons for the interpretation
of atmospheric spectra of gas giants. The differing trends in the abun-
dances of species argue against the use of chemical equilibrium models
with the metallicity and C/O ratio as the only free chemical parameters
in atmospheric retrievals; different elements can be differently enhanced.
Atmospheric models also need to consider the effect of H2 broadening
of alkali opacities on abundance estimates. With better quality data and
targeted observations, comparative atmospheric characterization of exo-
planets as pursued here will likely continue to unveil trends that may
inform us about their formation and evolutionary mechanisms.





4
M E T H O D S F O R A G E N E R A L I Z E D R E T R I E VA L
F R A M E W O R K F O R E X O P L A N E TA RY T R A N S M I S S I O N
S P E C T R A

As explained in Chapter 1, atmospheric retrievals of exoplanetary trans-
mission spectra provide important constraints on various properties,
such as chemical abundances, cloud/haze properties, and characteris-
tic temperatures, at the day-night atmospheric terminator. To date, most
spectra have been observed for giant exoplanets due to which retrievals
typically assume hydrogen-rich atmospheres. However, recent observa-
tions of mini Neptunes/super-Earths, and the promise of upcoming fa-
cilities including the James Webb Space Telescope (JWST), call for a new
generation of retrievals that can address a wide range of atmospheric
compositions and related complexities.

In this chapter1 we elaborate on the methods required for building a
generalized retrieval framework for exoplanetary transmission spectra.
Here we report Aurora, a next-generation atmospheric retrieval frame-
work that builds upon the AURA retrieval framework (Pinhas et al.,
2018). As part of the process of producing Aurora, we have refactored
AURA. We have maintained part of the essential infrastructure of AURA,
such as the numerical model for calculating radiative transfer in a trans-
mission geometry, the methods for interpolating opacities into a given
temperature grid (also adapted after the work of Gandhi & Madhusud-
han 2018), and the methods for binning down a spectrum to the resolu-
tion of the input observations. We adapted the internal structure of the
code to consider new opacity sources, calculate the planetary spectrum
at a specific resolution, retrieve a reference pressure and/or planetary
radius (see e.g., Chapter 2), consider instrumental and wavelength shifts
(see e.g., Chapter 3), and redesigned AURA beyond its specific H-rich
scope (Pinhas et al., 2018). As part of the redevelopment and reimple-
mentation of AURA into Aurora, we have incorporated the following
key advancements (a) a generalized compositional retrieval allowing for
H-rich and H-poor atmospheres (b) a generalized prescription for inho-

1 The contents of this chapter are based on the published work of Welbanks & Madhusud-
han (2021). As explained in Section 4.2, Aurora builds upon the AURA retrieval frame-
work (Pinhas et al., 2018) developed in Prof. Nikku Madhusudhan’s research group.
Siddharth Gandhi and Arazi Pinhas provided help with the AURA retrieval code which
is the progenitor of Aurora and through various helpful discussions.
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mogeneous clouds/hazes, (c) multiple Bayesian inference algorithms for
high-dimensional retrievals, (d) modular considerations for refraction,
forward scattering, and Mie scattering, and (e) noise modeling function-
alities.

4.1 introduction

Atmospheric spectra of exoplanets are routinely interpreted using re-
trieval methods. Introduced in Madhusudhan & Seager (2009), atmo-
spheric retrievals of exoplanets aim to solve the inverse problem - to
obtain statistical constraints on the atmospheric properties of an exo-
planet from an observed spectrum. A retrieval code is composed of a
parametric atmospheric model that computes a synthetic spectrum, cou-
pled with an optimization algorithm that derives the model parameters
given the observed spectrum. Although here we focus on retrieval codes
for transmission spectroscopy, as discussed below, a plethora of retrieval
codes have been developed for other applications (see e.g., Madhusud-
han, 2018, for a recent review). Retrieval codes have been developed for
the analysis of thermal emission spectra of exoplanets (e.g., Madhusud-
han & Seager, 2009, 2011; Lee et al., 2012; Line et al., 2013, 2014a; Wald-
mann et al., 2015b; Gandhi & Madhusudhan, 2018; Brogi & Line, 2019;
Gandhi et al., 2019), phase curves (e.g., Changeat & Al-Refaie, 2020; Feng
et al., 2020; Irwin et al., 2020), spectra of directly imaged exoplanets (e.g.,
Lee et al., 2013; Barstow et al., 2014; Lupu et al., 2016; Lavie et al., 2017;
Nayak et al., 2017; Damiano & Hu, 2020), as well as spectra of brown
dwarfs (e.g., Line et al., 2014b, 2015; Burningham et al., 2017; Zalesky
et al., 2019; Kitzmann et al., 2020; Piette & Madhusudhan, 2020) and
solar system planets (e.g., Rodgers, 2000; Irwin et al., 2001, 2008, 2014;
Irwin & Dyudina, 2002).

Retrievals of transmission spectra have become ubiquitous in atmo-
spheric characterization studies (see Madhusudhan, 2018, for a review).
The first retrieval code for exoplanetary atmospheres (Madhusudhan
& Seager, 2009) performed a grid-based parameter exploration using a
large model grid (∼ 107 models of 10 parameters each). Subsequent stud-
ies adopted more robust statistical optimization algorithms. The next
iteration of retrieval codes used Markov Chain Monte Carlo (MCMC)
methods (e.g., Tegmark et al., 2004; Foreman-Mackey et al., 2013), pro-
viding a better parameter exploration of the parameter space but with
limitations in calculating the model evidence for model comparison. Re-
trieval codes utilizing MCMC methods include Madhusudhan & Seager
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(2011); Benneke & Seager (2012); Madhusudhan et al. (2014b), CHIMERA
(e.g., Line et al., 2013; Kreidberg et al., 2014b), MassSpec (de Wit &
Seager, 2013), ATMO (e.g., Evans et al., 2017; Wakeford et al., 2017a),
BART (e.g., Blecic, 2016; Cubillos, 2016), PLATON (Zhang et al., 2019),
and METIS (Lacy & Burrows, 2020). Concurrently, the retrieval code
NEMESIS (Irwin et al., 2008) developed for solar system studies us-
ing gradient-descent optimization methods, such as Optimal Estimation
(OE), has also seen applications to exoplanetary transmission spectra
(e.g., Barstow et al., 2017).

The next generation of retrieval codes came to light with the imple-
mentation of the nested sampling algorithm (e.g., Skilling, 2006), facil-
itating more efficient parameter space exploration and calculation of
model evidence. Transmission retrieval codes like SCARLET (e.g., Ben-
neke & Seager, 2013; Benneke et al., 2019b,c), T-REx (e.g., Waldmann
et al., 2015a), POSEIDON (e.g., MacDonald & Madhusudhan, 2017a),
AURA (e.g., Pinhas et al., 2018), and petitRADTRANS (Mollière et al.,
2019), among others (e.g., Fisher & Heng, 2018, 2019; Brogi & Line, 2019;
Min et al., 2020; Seidel et al., 2020), adopted the MultiNest nested sam-
pling algorithm (Feroz et al., 2009). Although MultiNest has been exten-
sively used, other nested sampling algorithms have been implemented
like Nestle (Barbary, 2015) in PLATON, Dynesty (Speagle, 2020) in PLA-
TON II (Zhang et al., 2020), and PolyChord (Handley et al., 2015a) in
T-REx III (Al-Refaie et al., 2019).

The extensive availability of computational methods and packages for
statistical inference has made it possible for retrieval codes to update
their capabilities and include multiple optimization algorithms. For in-
stance, CHIMERA has used OE, Bootstrap Monte Carlo (BMC), MCMC,
as well as MultiNest nested sampling (e.g., Line et al., 2013; Colón et al.,
2020). NEMESIS has been adapted, beyond OE, to use MultiNest nested
sampling (e.g., Krissansen-Totton et al., 2018). Similarly, T-REx, through
different updates, has used MCMC and diverse nested sampling algo-
rithms (e.g., Waldmann et al., 2015b; Al-Refaie et al., 2019).

Parallel efforts are being made toward exploring the viability of ma-
chine learning algorithms as a replacement for or aid to traditional
Bayesian optimization algorithms. Some studies have used the Random
Forest algorithm (e.g., Breiman et al., 1984) to train estimators and pre-
dict the parameters that better explain an observed spectrum (e.g., Márquez-
Neila et al., 2018; Fisher et al., 2020; Guzmán-Mesa et al., 2020; Nixon &
Madhusudhan, 2020). Other studies have used Deep Belief Neural Net-
works (albeit in studies of emission spectroscopy, e.g., Waldmann, 2016),
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Generative Adversarial Networks (Zingales & Waldmann, 2018), Deep
Neural Networks (Soboczenski et al., 2018), and Bayesian Neural Net-
works (Cobb et al., 2019) in an effort to predict atmospheric properties of
exoplanets. A complementary approach has been to use machine learn-
ing to help inform the priors in a traditional retrieval (e.g., Hayes et al.,
2020). These advancements in retrievals are an active area of research,
and future work may elucidate on the synergies between traditional re-
trievals and these novel machine learning techniques.

There have also been developments in model considerations for at-
mospheric retrievals of transmission spectra. Recent works have inves-
tigated the impact of cloud and hazes in atmospheric retrievals (e.g.,
Line & Parmentier, 2016; MacDonald & Madhusudhan, 2017a; Pinhas
et al., 2018; Mai & Line, 2019; Barstow, 2020). Similarly, studies have
investigated the relative importance of various model and data con-
siderations, including temperature structures, clouds, and optical data
(e.g., Welbanks & Madhusudhan, 2019, see also Chapter 2) over sim-
pler isobaric, isothermal, semianalytic model assumptions. Other works
have looked into the effect of uncertainties in the system parameters
(e.g., de Wit & Seager, 2013; Fisher & Heng, 2018; Batalha et al., 2019;
Changeat et al., 2020) or temperature and abundance inhomogeneities
(Caldas et al., 2019; Changeat et al., 2019; MacDonald et al., 2020) in the
retrieved properties of the atmosphere. Further efforts have investigated
the impact of stellar contamination in transmission spectra (e.g., Pinhas
et al., 2018; Iyer & Line, 2020; Bruno et al., 2020).

While the studies above have focused primarily on retrievals for giant
planets with H-rich atmospheres, some studies have also developed re-
trieval frameworks for smaller planets where the atmosphere may not
be assumed to be H rich a priori. Benneke & Seager (2012) investigated
an agnostic retrieval framework for super-Earths, which could have a
wide range of atmospheric compositions. They highlight that assuming
log-uniform priors for the mixing ratios of the chemical species sampled
in a retrieval can lead to a highly asymmetric prior for the last species
derived using the unit-sum constraint, which is unfavorable in the ab-
sence of a priori knowledge of the dominant species in the atmosphere,
e.g., for super-Earths. To overcome this limitation, Benneke & Seager
(2012) suggest a reparameterization of the chemical compositions appli-
cable to both H-rich and non-H-rich atmospheres. The parameterization,
based on centered-log-ratio transformations (e.g., Aitchison, 1986), al-
lows for equal prior probability distributions for all the chemical species
considered; we discuss this in depth in Section 4.4. In a subsequent work,
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Benneke & Seager (2013) demonstrate the potential of using Bayesian
model comparisons along with high-precision transmission spectra of
super-Earths/mini Neptunes to differentiate between cloudy H-rich at-
mospheres and those of high mean molecular weight, e.g., H2O rich.

After this decade of revolutionary work on retrievals, the next gener-
ation of retrieval codes is upon us. Such retrievals must incorporate the
lessons learned from atmospheric studies of giant exoplanets and also
be adaptable to low-mass planets. In preparation for upcoming obser-
vations of temperate mini Neptunes and super-Earths, the methods for
non-H-dominated atmospheres must be implemented and updated to
be compatible with the latest optimization algorithms. Upcoming codes
should be able to expand their modeling functionalities motivated by
data requirements. Lastly, with the increasing model complexity and
data quality, new retrieval codes must be prepared for assessing multi-
dimensional, highly degenerate problems.

We introduce Aurora, a next-generation retrieval framework for the at-
mospheric characterization of H-rich and non-H-rich planets. Our code
incorporates new key features on the previous retrieval code AURA (Pin-
has et al., 2018). First, we reparameterize the volume mixing ratios in the
atmosphere expanding the previous scope beyond H-rich atmospheres,
adapting methods previously used for super-Earths (e.g., Benneke & Sea-
ger, 2012) and other areas of compositional data analysis (e.g., Aitchison,
1986; Aitchison & Egozcue, 2005; Pawlowsky-Glahn & Buccianti, 2011).
Second, Aurora incorporates the next-generation nested sampling algo-
rithms PolyChord and Dynesty, as well as maintaining compatibility
with MultiNest. Third, Aurora includes a new generalized parametric
treatment for inhomogeneous clouds and hazes. Compared to previous
prescriptions, our new treatment of clouds/hazes is robust against as-
sumptions of whether the atmosphere is H rich or not.

Lastly, Aurora incorporates different modular capabilities that enhance
the study of transmission spectra using retrievals and forward models.
These include assessing stellar heterogeneity (e.g., Rackham et al., 2017;
Pinhas et al., 2018), allowing for underestimated variances in the data
(e.g., Foreman-Mackey et al., 2013; Colón et al., 2020), and considering
correlated noise using Gaussian processes (e.g., Rasmussen & Williams,
2006). Additionally, our forward-modeling capabilities can account for
light refraction and forward scattering (Robinson et al., 2017), as well
as Mie scattering due to a variety of condensate species (Pinhas & Mad-
husudhan, 2017). Aurora’s modular capabilities can be incorporated in



102 methods for a generalized retrieval framework

retrievals should observations require it. In what follows, we present our
retrieval framework and its methods.

4.2 overview of the aurora retrieval framework

Aurora builds upon the AURA retrieval framework (Pinhas et al., 2018)
developed by our group and, among other features, expands the re-
trieval capabilities to rocky exoplanets without the assumption of H-rich
atmospheres. The core retrieval methodology for H-rich atmospheres is
explained in Pinhas et al. (2018), with its implementation previously ex-
plained in Welbanks & Madhusudhan (2019, Chapter 2) and employed
in different retrieval studies (e.g., Chen et al., 2018; von Essen et al., 2019;
Welbanks et al., 2019; Colón et al., 2020, see Chapter 3, Chapter 6, and
Chapter 7). Here, we reintroduce the basic retrieval methodology of the
AURA code and discuss the new enhancements made in Aurora. Fig-
ure 24 shows the schematic diagram of the Aurora framework.

Like any contemporary retrieval framework (Madhusudhan, 2018),
AURA and Aurora comprise a forward model that is interfaced with
a Bayesian inference and parameter estimation scheme. The forward
model computes a transmission spectrum given a set of parameters for
the temperature structure, chemical composition, and presence of cloud-
s/hazes on the planet’s atmosphere. The parameter estimation scheme
explores the model’s parameter space in search of regions of high like-
lihood that can explain a set of observations. The Bayesian inference
scheme estimates the model evidence and posterior probability distribu-
tions of the model parameters and is performed using the nested sam-
pling algorithm. In what follows, we describe each of these components
for our retrieval framework. We highlight the following key advance-
ments introduced in Aurora.

• Generalized inhomogeneous cloud/haze parameterization

• Generalized considerations for H-poor/H-rich compositions

• Adaptable Bayesian inference algorithms

• Modular functionalities for considering:

– Refraction and forward scattering

– Mie scattering with a library of condensates

– Error inflation and Gaussian processes to treat correlated noise.
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Figure 24 Schematic of Aurora’s retrieval framework. The retrieval framework combines an atmospheric forward model with a Bayesian
inference and parameter estimation algorithm to derive the model evidence and posterior probability distributions of the model param-
eters given an observed spectrum. Aurora also has modular capabilities for including additional effects in the atmospheric model if
required, e.g., light refraction, forward scattering, and Mie scattering.
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We first discuss the standard features that we retain from the retrieval
framework of Pinhas et al. (2018), followed by a description of the new
features in the Aurora framework.

4.3 forward model

Aurora computes the transmission spectrum of an exoplanet in tran-
sit assuming plane-parallel geometry. Our forward model is comprised
of a parametric pressure-temperature (P–T ) profile; parametric chemical
abundances and consideration for multiple sources of opacity includ-
ing atomic and molecular-line opacity, Rayleigh scattering, and collision-
induced absorption (CIA); a treatment for inhomogeneous clouds and
hazes; and a line by line radiative transfer solver under hydrostatic equi-
librium. The forward model can consider light refraction, forward scat-
tering, Mie scattering, and stellar heterogeneity (see Section 4.6).

4.3.1 Pressure-Temperature Profile

The temperature in the atmosphere of an exoplanet as a function of
pressure is determined by the P–T profile. We follow the parametric
prescription of Madhusudhan & Seager (2009). We choose this profile as
it is motivated by the profiles observed in the solar system and has been
successfully applied to exoplanet studies (e.g., Madhusudhan & Seager,
2009, 2011; Madhusudhan et al., 2014b; Blecic et al., 2017). The equations
for temperature in this parameterization divide the model atmosphere
into three distinct regions:

T = T0 +

(
log(P/P0)

α1

)2

, P0 < P < P1, (14)

T = T2 +

(
log(P/P2)

α2

)2

, P1 < P < P3, (15)

T = T2 +

(
log(P3/P2)

α2

)2

, P > P3, (16)

where we maintain the empirical choice of Madhusudhan & Seager
(2009) to set their parameters β1 = β2 = 0.5. Here, T0 is the tempera-
ture at the top of the model atmosphere P0 (e.g., 10−6 bar in this disser-
tation), P1 is the boundary between the first and second regions, P3 is
the boundary between the second and third regions, P2 is the pressure
in the parameterization that can capture possible thermal inversions if
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P2 > P1, and α1 and α2 are the values that determine the curvature of
the profile in the different layers. We restrict our temperature profiles to
those with P2 ⩽ P1, for observations of the day-night terminator where
thermal inversions are not expected. Aurora has the option of consider-
ing an isothermal profile in which case the free parameter is T0. Then,
the temperature at all points in the model atmosphere is assumed to be
T0.

4.3.2 Sources of Opacity

The presence of different chemical species in the atmosphere of an ex-
oplanet is retrieved by considering their contribution to the starlight’s
extinction. The extinction coefficient κ(λ,P, T) of the atmosphere is a
pressure-, temperature-, and wavelength-dependent quantity that con-
tributes to the differential optical depth,

dτ(λ,P, T) = κ(λ,P, T)ds (17)

along the line of sight s. The extinction coefficient for each species is
given by κi(λ,P, T) = ni σi(λ,P, T), where ni is the number density and
σi the absorption cross section of the species. The number density, ni,
is parameterized through the volume mixing ratio, Xi = ni/ntot, where
ntot is the total number density. The volume mixing ratio of each species
is a free parameter and assumed to be uniform in the atmosphere. For H-
rich atmospheres, Aurora calculates the volume mixing ratio of H2 and
He by assuming a particular He/H2 ratio (XHe/XH2

) and the following
relations:

XH2
=

1−

n∑
i,i ̸=He,H2

Xi

1+ XHe
XH2

, XHe = XH2

XHe

XH2

, (18)

where we adopt a solar value of XHe/XH2
= 0.17 (Asplund et al., 2009)

and consider a total of n species in the model atmosphere. The treatment
of the volume mixing ratios when a H-rich atmosphere is not assumed
a priori is described in Section 4.4.

Aurora in general considers the opacity sources expected in the at-
mospheres of hot Jupiters, mini Neptunes, and temperate rocky plan-
ets (e.g., Madhusudhan, 2012, 2019; Moses et al., 2013). The opacity
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Figure 25 Top and bottom panels show the absorption cross sections
for some of the molecular opacity sources included in Chapter 4 and
Chapter 5 at a pressure of 1 bar and a temperature of 300 K. The cross
sections are shown in the wavelength region where JWST is expected to
perform observations. JWST instrument ranges are indicated on the top
panel using black lines and arrows.

sources considered in this chapter and Chapter 5 are H2-H2 and H2-
He CIA (Richard et al., 2012) and line opacity due to CH4 (Yurchenko
& Tennyson, 2014), CO (Rothman et al., 2010), CO2 (Rothman et al.,
2010), H2O (Rothman et al., 2010), HCN (Barber et al., 2014), K (Allard
et al., 2016), Na (Allard et al., 2019), N2 (Rothman et al., 2010), NH3

(Yurchenko et al., 2011), O2 (Rothman et al., 2010), and O3 (Rothman
et al., 2010). The opacities for the chemical species are computed follow-
ing the methods of Gandhi & Madhusudhan (2017), with the updated
values of Gandhi & Madhusudhan (2018), and with H2-broadened Na
and K cross sections as explained in Welbanks et al. (2019, see also Chap-
ter 3).
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Aurora also incorporates a continually updated library of cross sec-
tions of various other atomic and molecular species (Gandhi et al., 2020).
Figure 25 shows the cross section for most of the molecular opacity
sources considered in this dissertation for a pressure of 1 bar and a
temperature of 300 K, from 0.4 to 30 µm, covering the wavelength range
expected to be observable by JWST. The Na and K profiles can be seen
in Figure 1 of Welbanks et al. (2019) or Figure 20 in Chapter 3.

The resulting extinction coefficient is

κ(λ,P, T) =
∑
i

Xintot(P, T)σi(λ,P, T) +XH2
n2

tot(P, T)

× [XH2
σH2-H2

(λ, T) +XHeσH2-He(λ, T)] , (19)

where σH2-H2
and σH2-He are the H2–H2 and H2-He CIA cross sections.

The extinction coefficient can be amended to remove H2–He and H2–H2

CIA and/or include CIA due to other species. Furthermore, the total
extinction coefficient can include H2 Rayleigh scattering:

κH2-Rayleigh(λ,P, T) = XH2
ntot(P, T)σH2 scat(λ), (20)

where the wavelength-dependent cross section in cgs is given analyti-
cally by Dalgarno & Williams (1962) as

σH2 scat(λ) =
8.14× 10−45

λ4
+

1.28× 10−54

λ6

+
1.61× 10−64

λ8
+O(λ−10) (21)

and is incorporated up to its third term in Aurora.
Aurora also includes opacity sources relevant for modeling H-poor

atmospheres of rocky planets. This library contains CIA cross sections
of CO2-CO2, N2-N2, O2–O2, O2–CO2, O2–N2, among others obtained
from HITRAN (Karman et al., 2019). These additional CIA cross sec-
tions are generated within the temperature and wavelength limits avail-
able in the HITRAN data. The cross sections for temperatures beyond
those limits are set to values at the boundaries. We assume no opac-
ity for wavelengths beyond the database range, as these values are not
known. Future efforts, both experimental and theoretical, on extending
and revising opacity databases would help obtain cross sections over the
full range of wavelengths and temperatures applicable for such planets.
Aurora can also include Rayleigh scattering due to a variety of species
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including O2, N2, Ar, Ne, CO2, CH4, H2O, CO, and N2O (Shardanand &
Prasad Rao, 1977; Sneep & Ubachs, 2005; Thalman et al., 2014). Rayleigh
scattering due to species i is κi-Rayleigh(λ,P, T) = Xintot(P, T)σi scat(λ). We
include CIA due to CO2–CO2, N2-N2, as well as Rayleigh scattering due
to N2, H2O, and CO2 in the H-poor models presented in Section 5.4.

4.3.3 A New Cloud and Haze Parameterization

We introduce a new cloud and haze treatment for inhomogeneous cover
that considers a total of four distinct spatial areas (sectors) covering the
planet. These four areas are (1) a clear, cloud-free and haze-free, area
affected only by Rayleigh scattering, (2) an area covered by hazes only,
(3) an area covered by a gray cloud deck with Rayleigh scattering above
the cloud deck, and (4) an area covered by a gray cloud deck and hazes
above it. The total transit depth is a linear superposition of the transit
depths of each sector:

∆planet(λ) = ϕhazes∆hazes(λ) +ϕclouds∆clouds(λ)

+ϕclouds+hazes∆clouds+hazes(λ) +ϕclear∆clear(λ), (22)

where the cover fractions are free parameters in the model and ϕclear is
determined by a unit-sum constraint, i.e., ϕclear = 1−ϕhazes −ϕclouds −

ϕclouds+hazes.
Hazes, e.g., small-size particles resulting from photochemical processes,

are implemented into our model atmosphere by parameterizing their ef-
fect on the spectrum as deviations from H2 Rayleigh scattering (Lecave-
lier Des Etangs et al., 2008). The parameterization provides a cross sec-
tion σhazes = aσ0(λ/λ0)

γ, where γ is the scattering slope, a is the Rayleigh-
enhancement factor, and σ0 is the H2 Rayleigh-scattering cross section at
the reference wavelength λ0. We adopt values of σ0 = 5.31× 10−31 m2

and λ0 = 350 nm for consistency with previous works (e.g., MacDon-
ald & Madhusudhan, 2017a; Welbanks et al., 2019). Future observations
of non-H-rich planets could motivate the use of scattering cross sec-
tions for different species. The extinction due to hazes is κhaze(λ,P, T) =
XH2

ntot(P, T)σhazes(λ).
The regions of the atmosphere covered by a gray cloud deck are in-

cluded by adopting a parameter for the cloud top pressure Pcloud. The
optical depth for all pressures higher than Pcloud is considered to be infi-
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Figure 26 Schematic of the four-sector generalized parameterization of
inhomogeneous clouds and hazes introduced in this chapter. The planet
is enveloped by its atmosphere, which is divided into four regions. These
are (1) a clear, cloud-free and haze-free, sector, (2) a sector with hazes
only, (3) a sector with clouds only, and (4) a sector with clouds and
hazes.

nite. The extinction coefficient due to the cloud deck κclouds(P) is infinite
for P > Pcloud or zero for P < Pcloud.

Previous studies have considered the effects of patchy clouds in trans-
mission spectra (e.g., Line & Parmentier, 2016; MacDonald & Madhusud-
han, 2017a; Barstow, 2020). Our model here generalizes the approach of
previous studies while being able to reduce to previous treatments un-
der specific conditions. If the model prefers to consider the presence of
clouds and hazes together, the fractions ϕhazes and ϕclouds approach zero
and we obtain previous treatments for inhomogeneous cover (e.g., Mac-
Donald & Madhusudhan, 2017a; Welbanks & Madhusudhan, 2019). On
the other hand, if the combined fraction is zero (e.g., ϕclouds+hazes = 0),
our approach allows us to consider the effect of clouds and hazes sep-
arately and distinguish whether the contribution to the spectrum is
mostly due to deviations from H2 Rayleigh scattering produced by the
hazes or muted features due to a gray cloud deck. Lastly, if the com-
bined fraction is zero and so is the haze only fraction (e.g., ϕhazes =
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ϕclouds+hazes = 0) we recover the expression for patchy clouds of Line &
Parmentier (2016). By following this approach, we obtain a more robust
and flexible treatment compared to our previous prescription that com-
bines the effects of clouds and hazes into one sector (e.g., MacDonald &
Madhusudhan, 2017a; Welbanks & Madhusudhan, 2019). We present a
schematic of our cloud and haze treatment in Figure 26.

We find the generalized treatment of clouds and hazes introduced in
this dissertation leads to consistent abundance estimates regardless of
whether or not a H-rich atmosphere is assumed. In other words, the ex-
isting degeneracies between clouds/hazes and composition are treated
equally irrespective of the assumption of the bulk atmospheric composi-
tion of the planet. On the other hand, combining clouds and hazes into
one individual sector as previously performed (e.g., MacDonald & Mad-
husudhan, 2017a; Pinhas et al., 2018; Welbanks & Madhusudhan, 2019)
can lead to biases and an incomplete exploration of the parameter space
that results in distinct solutions when assuming a H-rich atmosphere or
not on the same data set. This is mitigated by our new cloud and haze
prescription. We discuss these aspects further in the case study of the
hot Jupiter HD 209458 b in the next chapter, in Section 5.1.

4.3.4 Radiative Transfer

Our model solves line by line radiative transfer in transmission geom-
etry in a plane-parallel atmosphere. The model atmosphere is divided
into a predetermined number of pressure layers equally spaced loga-
rithmically. The number of layers and their span in pressure space can
be arbitrarily established by the user depending on the application. For
the models in this chapter and Chapter 5, and based on the empirical re-
sults of Welbanks & Madhusudhan (2019, see also Chapter 2), we use 100

pressure layers uniformly spaced in log10(P) from 10−6 to 102 bar un-
der hydrostatic equilibrium. Our calculation of hydrostatic equilibrium
is performed considering the retrieved composition through the atmo-
spheric mean molecular weight (e.g., µ =

∑
Ximi, where Xi and mi

are the volume mixing ratio and the atomic/molecular mass of species i,
respectively), the retrieved P–T profile, and altitude-dependent gravity.
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We solve numerically for the transit depth of the planet:

∆λ =

R2
p + 2

Rp+HA∫
Rp

b
(
1− e−τλ(b)

)
db− 2

Rp∫
0

be−τλ(b)db

R2
star

, (23)

where Rstar is the stellar radius, HA is the maximum height of the plane-
tary atmosphere, τλ is the total slant optical depth and integral of Equa-
tion 17, b is the impact parameter, and Rp is the radius of the planet. We
present Equation 23 as a three-part expression to highlight the fact that
the chosen Rp may not correspond to an optically thick surface. If Rp

corresponds to an optically thick surface, the last integral in Equation
23 evaluates to zero. Otherwise, the integral considers the contribution
of the nonoptically thick parts of the atmosphere, below the arbitrarily
chosen position in the planet, to the transit depth.

The selected value of Rp, at a given reference pressure Pref, is used to
construct a radial distance grid. The distance and pressure grids follow
a one-to-one correspondence determined by hydrostatic equilibrium. It
is possible in a retrieval to choose a value of Rp for which the Pref param-
eter will be retrieved, to choose a value of Pref for which the associated
radius Rp will be retrieved, or leave both Rp and Pref as free parameters.
In Chapter 2, Welbanks & Madhusudhan (2019), we showed that the re-
trieval results remain mostly unchanged regardless of the choice of free
parameter (Rp and/or Pref). In Chapter 5, we choose to keep Rp as our
independent variable for which we retrieve Pref.

4.4 considerations for non-h-rich atmospheres

A core assumption present in most atmospheric retrieval codes for hot
Jupiters is that the atmosphere is H rich. Such assumption can be appro-
priate for massive planets that, from a formation perspective, captured
a gas mixture of predominantly H and He in cosmic proportions from
their protoplanetary nebula (Seager & Deming, 2010). However, when
characterizing the atmospheres of less massive planets or when pursu-
ing an agnostic approach applicable to atmospheres of general compo-
sition, such assumption may need to be relaxed. Instead of assuming a
H-rich atmosphere, studies could attempt to retrieve the main gas com-
ponent of the atmosphere. Such an approach would aim to explore a
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wider range of atmospheric compositions like N2-rich or CO2-rich at-
mospheres, and not be constrained to H-rich atmospheres only.

However, when pursuing this agnostic approach, the unit-sum con-
straint, i.e., the requirement that all the volume mixing ratios in the
atmosphere must add up to one, must be incorporated into the statis-
tical modeling appropriately. Incorporating such constraint is nontriv-
ial and has been the subject of study in a subfield of statistical analy-
sis called compositional data analysis (e.g., Pearson, 1897; Tanner, 1949;
Chayes, 1960; Aitchison, 1986). The tools developed by this subfield of
statistics have been implemented in a number of different disciplines
like medicine, chemistry, economy, geophysics, among many others (see
Aitchison & Egozcue, 2005, for a review of the history of compositional
data). The concepts of compositional data analysis were introduced to
the exoplanet retrieval literature through the work of Benneke & Seager
(2012).

Implementing the same methods used for the retrieval of H-rich atmo-
spheres to retrievals in which the main atmospheric constituent is not
known can result in biased results that do not explore all compositions
equally. The traditional method would sample the volume mixing ratios
of n− 1 species (i.e., minor species) and assign the volume mixing ratio
of the nth species (i.e., H2 in the case of a H-rich atmosphere) following
the unit-sum constraint. Benneke & Seager (2012) highlight that follow-
ing this approach will result in a highly asymmetric prior (see Figure
1 of Benneke & Seager, 2012) for the nth species. Under these circum-
stances, the retrieval is not truly agnostic, and the resulting atmospheric
composition will be dependent on which molecule was chosen to be the
nth species.

To circumvent this problem, one must allow for all species to have the
same prior probability density in a permutation-invariant prescription.
If the prior probability for all species is identical, it is safe for the retrieval
to sample over the parameter space of all n species. The solution is the
centered-log-ratio transformation, defined as

zi = log

(
Xi

g(X)

)
, (24)

where g(X) is the geometric mean g(X) = (X1...XN)1/N (Aitchison, 1986).
The transformed zi values, also called compositional parameters, treat
all parts of the gas symmetrically.
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In Aurora, when not assuming a H-rich atmosphere, we reparameter-
ize the volume mixing ratios (Xi) using the centered-log-ratio transfor-
mation and obtain the compositional parameters (zi). We assume that
the combination of H2 and He is one single part (z(H2+He)), which we
then use to determine the separate H2 and He volume mixing ratios us-
ing a He/H2 ratio. Then, we sample over the entire transformed space
for all n gas components with the assumption that one of those is a
mixture of H2 and He in solar proportion.

Once sampling is performed in the space of the centered-log-ratio
transformation, and to maintain the descriptions above about the treat-
ment of different opacity sources, the inverse transformation (Pawlowsky-
Glahn & Buccianti, 2011)

Xj =
exp(zj)

N∑
i=1

exp(zi)
(25)

is calculated and the volume mixing ratios Xi’s are used in our calcula-
tions.

It is important to highlight that the compositional parameters (zi) have
slightly different properties from their counterparts, the volume mixing
ratios (Xi). While the typical prior range for Xi is 10−12 < Xi < 1, the
limits for zi is −∞ < zi < ∞ where −∞ is the limit of a species not
being present and ∞ means the species is the only one in the atmosphere.
While a straightforward expression for the scenario in which all volume
mixing ratios are equal is not available, the compositional parameters are
present in equal parts when all zi = 0. Lastly, the unit-sum constraint
for the volume mixing ratios is

∑
Xi = 1 and transforms to

∑
zi = 0 for

the compositional parameters.

4.5 multialgorithmic statistical inferences

The strength in the retrieval approach when assessing the properties of
an exoplanet’s atmosphere resides in its ability to provide robust statis-
tical estimates of the parameters and models used to explain the obser-
vations. As explained in Section 4.1, many statistical approaches exist
in exoplanetary atmospheric retrievals: grid-based searches (e.g., Mad-
husudhan & Seager, 2009), MCMC (e.g., Madhusudhan & Seager, 2011;
Benneke & Seager, 2012; de Wit & Seager, 2013; Line et al., 2013; Mad-
husudhan et al., 2014b; Cubillos, 2016; Wakeford et al., 2017a; Zhang
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et al., 2019), nonlinear optimal estimators (e.g., Lee et al., 2013; Barstow
et al., 2017), among others (see Madhusudhan, 2018, for a review). Of the
different approaches available, Bayesian inference tools ease the compari-
son of models while providing estimates of the posterior distributions of
the model parameters. One of these methods, nested sampling (Skilling,
2006), has been successfully incorporated into exoplanetary retrieval lit-
erature (e.g., Benneke & Seager, 2013; Line et al., 2013; Waldmann et al.,
2015a; MacDonald & Madhusudhan, 2017a; Gandhi & Madhusudhan,
2018; Krissansen-Totton et al., 2018; Pinhas et al., 2018; Mollière et al.,
2019; Zhang et al., 2020) due to its ability to handle high-dimensionality
problems, sample the complete parameter space of the model, and use
prior information on the model parameters. An overview of the Bayesian
approach to inference problems is available in Sivia & Skilling (2006) and
Trotta (2008, 2017).

The likelihood of observing the data (D) given a specific set of model
parameters (θM) for a model (M) is

L = P(D|θM,M). (26)

Considering the Bayesian approach, where the degree of belief on the
model assumptions must be accounted for, one must incorporate the
prior distribution (π) on the model parameters π = P(θM|M). The marginal-
ized likelihood, also known as evidence, is obtained by integrating the
likelihood over the full parameter space:

Z =

∫
P(D|θM,M)P(θM|M)dθM = P(D|M). (27)

The model evidence is the quantity we are interested in evaluating
when comparing different models. This is also the quantity different
nested sampling algorithms aim to provide. Furthermore, using Bayes’
theorem, it is possible to obtain the posterior probability distribution for
each parameter given the data

P(θM|D,M) =
P(D|θM,M)P(θM|M)

P(D|M)
. (28)

Aurora uses a likelihood function for data with independently dis-
tributed Gaussian errors
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L (D|θM ,Mi) =

N∏
k

1√
2πσk

exp
(
−
[Dk −Mi,k]

2

2σ2
k

)
(29)

for a data set of length N and computed for each model realization Mi.
Aurora follows the same binning strategy as AURA (see Section 2.1.6 in
Pinhas et al., 2018) where a model spectrum at a much higher resolution
than the data is convolved with the point-spread function (PSF) of the
instrument with which the observations were obtained and then binned
down to the spectral resolution of the data.

The prior distributions employed in Chapter 5, where we conduct the
validation of our framework, are shown in Table 16 in Appendix C.3.
The priors for the parameters are mostly standard prescriptions adopted
from previous studies (e.g., Pinhas et al., 2019; Welbanks et al., 2019, see
also Appendix B). The priors for molecular abundances generally span
the complete detectable range unless stated otherwise, with the prior dis-
tribution either log-uniform for the volume mixing ratios for H-rich re-
trievals or uniform in the corresponding compositional parameters (zi),
discussed in Section 4.4, for non-H-rich retrievals. The priors for the pa-
rameters associated with other physical properties, e.g., P–T profile and
cloud/haze parameters, are also uniform or log-uniform and span the
corresponding physically plausible ranges.

4.5.1 Next-generation Bayesian Inference Algorithms

The main functionality of a nested sampling algorithm is to obtain the
model evidence (Z) while also deriving the posterior probability distri-
butions of the model parameters as a by-product. A full description of
the nested sampling algorithm is available in Skilling (2004); Skilling
(2006); Feroz et al. (2009). In Aurora, we implement three different algo-
rithms, MultiNest (Feroz et al., 2009, 2019) through its implementation
PyMultiNest (Buchner et al., 2014), PolyChord (Handley et al., 2015a,b)
through its implementation PyPolyChord, and Dynesty (Speagle, 2020).
Each nested sampling algorithm is different and the in-depth descrip-
tion for each implementation is available in their release papers listed
above.

Generally, a nested sampling algorithm generates a number of live
points drawn from the prior distribution, which sample the parameter
space (Feroz et al., 2009). In each iteration, the point with the lowest
likelihood is replaced by a new one which ought to have a larger like-
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lihood. This means that the live points sample the prior volume using
continuously shrinking isolikelihood contours, which with every itera-
tion converge to the highest likelihood regions of the parameter space.
At each step, every sampled value creates a model realization that results
in an evaluation of the likelihood function. The process finishes when a
termination condition, like a preset fractional change in the model like-
lihood, is met. Upon completion, the combination of all sampled points
can be used to estimate the model evidence. The procedure to gener-
ate new live points can vary between different implementations of the
nested sampling algorithm, which are briefly discussed below.

MultiNest has been previously implemented in exoplanet retrievals
(e.g., Benneke & Seager, 2013; Line et al., 2013; Waldmann et al., 2015a;
MacDonald & Madhusudhan, 2017a; Gandhi & Madhusudhan, 2018;
Krissansen-Totton et al., 2018; Pinhas et al., 2018; Mollière et al., 2019;
Zhang et al., 2020). To draw unbiased samples from the likelihood-
constrained prior, MultiNest uses what is called an ellipsoidal rejection
sampling scheme. The basis for this scheme is that the replacement point
is sought from within the set of ellipsoids described by the full set of live
points at any iteration (Feroz et al., 2019). With each iteration, the ellip-
soids described by the isolikelihood contours shrink. This procedure is
optimal for a small number of parameters but has an exponential scaling
with dimensionality.

PolyChord, on the other hand, uses what is called slice-based sam-
pling. In this procedure, the algorithm samples uniformly within the pa-
rameter space for which the posterior probability is higher than a given
probability level or “slice". Unlike the exponential scaling problem with
MultiNest at higher dimensions, PolyChord’s scaling is ∼ O(D3) (Hand-
ley et al., 2015b). This makes MultiNest preferred for low-dimensionality
problems, while PolyChord is preferred at higher dimensionalities (see
Figure 7 in Handley et al., 2015b).

Lastly, Dynesty (Speagle, 2020) uses a generalisation of nested sam-
pling, in which the number of live points is variable, called dynamic
nested sampling (Higson et al., 2019). In dynamic nested sampling, an
initial run with a constant number of live points is used by the algo-
rithm to approximate areas in prior space of the highest likelihood. Then,
the algorithm proceeds to iteratively calculate the range of likelihoods
where a larger number of live points will have the greatest result in
accuracy. In dynamic nested sampling, the number of live points is dy-
namically allocated to control the resolution at which the prior space is
sampled. This would allow for runs that focus on sampling the poste-
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rior distribution or better estimate the model evidence. Dynesty allows
for both dynamic and static nested sampling. Furthermore, Dynesty has
four main approaches to generating samples: uniform sampling (includ-
ing from ellipsoids like MultiNest), random walks, multivariate slice
sampling (similar to PolyChord), and Hamiltonian slice sampling. Each
approach has its benefits and impediments and can be better suited for
different problem dimensionalities. Speagle (2020) offers an extensive
overview of each feature available in Dynesty.

Every algorithm for nested sampling offers different capabilities. While
Dynesty is able to handle both static and dynamic sampling, it comes at
the cost of multiple tuning parameters that can affect the behavior of a
given run. PolyChord is able to handle problems of higher dimension-
ality more efficiently than MultiNest, but MultiNest still outperforms
PolyChord in the number of likelihood evaluations required for prob-
lems in low dimensions (≲ 80 dimensions, Handley et al., 2015b). Au-
rora offers the tools to perform retrievals optimizing for evaluation of
the model evidence, parameter posterior distributions, or both. The user
has the freedom to choose the correct sampling algorithm for their needs
depending on the complexity of the problem and its dimensionality.

4.5.2 Model Comparison and Detection Significance

The difference in evidence (Z) between models can be used to derive
an equivalent detection significance (DS), a figure of merit traditionally
used to compare different models. The detection significance is tradition-
ally expressed in units of ‘sigma’ (σ) and corresponds to the number of
standard deviations away from the mean of a normal distribution (Trotta,
2008). Expressing a result in ‘sigmas’ does not necessarily mean the de-
tection of new physics or a species in the spectrum of a planet. Instead,
it is a useful way to translate the odds in favor of a more complex model
into a frequentist metric. The relevance of a model preference can be
somewhat arbitrary, and different authors suggest different categories
for expressing them. For instance, Trotta (2008) suggests that a differ-
ence of 2.0σ to 2.6σ is weak at best, while Kass & Raftery (1995) suggest
that the equivalent of ∼ 2.1σ is positive evidence. A way to transform the
difference in model evidence to a detection significance was proposed
by Benneke & Seager (2013). We perform the comparison of our mod-
els by solving Equation 11 in Benneke & Seager (2013) and obtaining a
detection significance as
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DS =
√
2 erfc−1

[
exp

(
W−1

(
−

1

B e

))]
, (30)

where erfc is the complementary error function, W−1 is the Lambert W
function in its lower branch (i.e., k = −1 branch), e is Euler’s number,
and B is the Bayes factor defined as B = Z1/Z2, with the set requirement
of Z1 ⩾ Z2 so the Bayes factor is greater than or equal to unity.

4.6 modular capabilities

Aurora’s design is modular, ensuring that future capabilities can be eas-
ily incorporated into the existing retrieval framework. As part of this
modular structure, we include in Aurora preexisting features in AURA
(Pinhas et al., 2018), such as the functionality to retrieve stellar properties
from a transmission spectrum. Furthermore, we introduce new modular
capabilities that aid in the analysis of transmission spectra in the con-
text of retrievals and forward models. These key additions include new
considerations for noise modeling and forward models considering light
refraction, forward scattering, and Mie scattering.

4.6.1 Stellar Heterogeneity

One of the main features of AURA (Pinhas et al., 2018) was to retrieve
stellar properties embedded in the transmission spectrum as well as the
planetary properties. Inhomogeneities in the stellar photosphere were
modeled by retrieving the areal fraction of the projected stellar disk cov-
ered by heterogeneities (δ), hot faculae or cool spots, the heterogeneity
temperature (Thet), and the photospheric temperature (Tphot). Aurora in-
herits this capability but we do not include it in the present study.

4.6.2 New Noise Modeling Modules

Aurora has the capability to treat noise models that are different from the
traditionally assumed white noise. Aurora can consider the possibility of
underestimated variance in the data by retrieving an error bar inflation,
which is a free parameter (Foreman-Mackey et al., 2013). This approach
assumes that the variance is underestimated and can be expressed as
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S2 = σ2
obs + f2∆2

mod, (31)

where σobs is the error in the observations, and ∆mod is the model’s
transit depth. This term replaces the variance term in Equation 29. This
functionality has been tested on the recent spectroscopic observations of
KELT-11b (Colón et al., 2020).

Aurora also has the capability to consider correlated noise in the data
being analyzed. To do so, we have incorporated Celerite (Foreman-
Mackey et al., 2017) and George (Ambikasaran et al., 2015) to model
the covariance function and compute the likelihood of a Gaussian Pro-
cess (GP) model (Rasmussen & Williams, 2006). The effects of a GP in
transmission spectra fall beyond the scope of this thesis and we reserve
it for a future study.

4.6.3 Refraction and Forward Scattering

In Aurora, we have incorporated the analytic descriptions for forward
scattering and refraction of transit spectra proposed by Robinson et al.
(2017). These prescriptions have been incorporated in the context of pro-
ducing forward models and synthetic observations.

Refraction effects are calculated using the prescription for maximum
pressure at which the effect of refraction is large enough to cause a light
ray from one side of the planet to come from the far limb (i.e., oppo-
site side) of the host star (Robinson et al., 2017). We incorporate the
wavelength-dependent refractivity (Robinson et al., 2017) and use it to
calculate the maximum pressure probed (Pmax) at each wavelength fol-
lowing Equation 15 of Robinson et al. (2017). The optical depth for pres-
sures higher than Pmax is set to infinity. Figure 27 shows the effect of
considering refraction in forwards models of K2-18b. For these forward
models, we consider refraction due to H2, H2O, or N2. The forward
models are determined by the median retrieved parameters in Section
5.2, in Chapter 5. Figure 27 shows that the effects of refraction are al-
most negligible, ∼ 4 ppm. Additional models considering the effect of
refraction for a rocky exoplanet are shown in Appendix C.1.

The standard forward model in Aurora combines the absorption and
scattering optical depths into the total optical depth as seen in Equa-
tion 17. However, it is possible that a portion of the scattered light in
the planet’s atmosphere will be directed toward the observer. This por-
tion of light is said to be forward scattered. The additional fraction of
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Figure 27 Forward models including the effects of wavelength-
dependent refraction for the mini Neptune K2-18b. Top: no-refraction
model shown in black while the red, blue, and green lines show the
effects of H2, H2O, and N2 refraction, respectively. Black error bars
with yellow markers show current K2 and HST/WFC3 observations for
reference. Bottom: residual of the refraction models relative to the no-
refraction model.

light reaching the observer results in attenuation to the transit depth. In
Aurora, we can model this by correcting the effective optical depth for
the effects of forward scattering. The modified optical depth is dτeff =

dτλ(1− fω̃o), where f is the forward-scattering correction factor and ω̃o

is the single scattering albedo (Robinson et al., 2017). We calculate the
correction factor f using the analytic correction expressed in Equation
6 of Robinson et al. (2017) for the Henyey-Greenstein phase function
(Henyey & Greenstein, 1941). The correction proposed by Robinson et al.
(2017) is a function of the stellar radius, the planet-star physical sepa-
ration, and the asymmetry parameter g. Figure 28 shows the decrease
in transit depth due to considering forward scattering, in the same H2-
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Figure 28 Forward-scattering models for the atmosphere of the mini
Neptune K2-18b. Top: forward-scattering model shown in red, and in
black, the model without forward scattering. Black error bars with yel-
low markers show current K2, HST/WFC3, and Spitzer observations for
reference. Bottom: residual of the forward-scattering mode relative to
the non-forward-scattering model.

rich forward model for K2-18b described above, assuming g = 0.95 and
ω̃o = 1. The effect of incorporating forward scattering in the model of
K2-18b results in a difference of less than 1 ppm. Models considering
forward scattering for a rocky exoplanet are shown in Appendix C.1.

The detectability of these secondary effects remains to be confirmed.
Current observations using Hubble Space Telescope (HST), and ground-
based observatories do not possess the precision necessary to identify
them. In the meantime, Aurora possesses the capabilities to model these
effects in transmission spectra of exoplanets in the context of forward
models. The implementation of these models in the context of retrievals
remains a possibility for future studies should the data require so.
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Figure 29 Top: forward models including the effects of Mie scattering
for the mini Neptune K2-18b. The condensates shown are MgSiO3 (pur-
ple), NaCl (orange), and KCl (green). In black, the H2-rich-only model
is shown. Black error bars with yellow markers show current K2 and
HST/WFC3 observations for reference. Bottom: model residuals.

4.6.4 Mie-scattering Forward Models

Aurora includes Mie scattering in the forward models due to conden-
sates with different particle sizes and compositions adopted from Pinhas
& Madhusudhan (2017). The effective cross section for these species is
calculated using their extinction and scattering coefficients, along with
the corresponding asymmetry parameter g following Equation 11 of Pin-
has & Madhusudhan (2017), obtained using Mie theory.

Figure 29 shows the spectroscopic features of Mie scattering for dif-
ferent compositions in the H2-rich atmosphere of K2-18b. The models
assume the retrieved chemical abundances from the results in Section
5.2, in Chapter 5. The models shown include H2 Rayleigh scattering
and H2-H2 and H2-He CIA. In black, we show the H2-rich atmosphere
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only, while in purple, orange, and green the effects of Mie scattering
due to MgSiO3, NaCl, and KCl are shown, respectively. The assumed
abundances for the condensate species is 10−16, similar to expectations
for NaCl and KCl from equilibrium chemistry calculations (e.g., Woitke
et al., 2018) for the equilibrium temperature of the planet of Teq. ∼ 290 K
(e.g., Welbanks et al., 2019, Chapter 3), with a particle size of 4.89× 10−2

µm (< 0.1 µm, e.g., Adams et al., 2019; Lavvas et al., 2019). As shown
in the bottom panel of Figure 29, the maximum difference between
the clear H2-rich model and the models considering Mie scattering is
∼ 25 ppm, within the precision limits of current observations. Future
observatories with high-precision measurements in the optical wave-
lengths may be able to distinguish the effects of these condensate species
in the atmospheres of exoplanets.

4.7 summary

In this chapter, we introduce Aurora, a next-generation atmospheric re-
trieval framework for transmission spectra of a wide range of exoplan-
ets: from gas giants with H-rich atmospheres to rocky exoplanets with
secondary non-H-rich atmospheres. Aurora retains the capabilities from
previous retrieval codes and presents advancements for the analysis of
future observations. Aurora, as its predecessor AURA, is comprised of
a forward model interfaced with a Bayesian inference and parameter es-
timation algorithm. However, Aurora introduces key advancements for
generalized retrievals of H-rich and H-poor atmospheres, there are:

• Aurora can retrieve the bulk composition of any exoplanet atmo-
sphere without the assumptions of a H-rich atmosphere. The tools
of compositional data analysis allow for reparameterizing the vol-
ume mixing ratios, used in traditional retrievals of exoplanet at-
mospheres, into compositional parameters. The implementation of
this method results in prior probability densities, for the chemi-
cal components in the atmosphere, that are permutation-invariant.
This advancement allows for agnostic retrievals where the bulk
composition of the atmosphere is inferred from the data instead of
being assumed a priori.

• We introduce a new generalized treatment for inhomogeneous clouds
and hazes. The new cloud and haze prescription explores a larger
parameter space compared to previous treatments. This new ap-
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proach mitigates some biases and limitations in previous prescrip-
tions and is robust when assuming a H-rich atmosphere or not.

• Aurora incorporates in its retrieval framework the next generation
of nested sampling algorithms. These are highly adaptable and
designed for handling highly degenerate problems and problems
of higher dimensionality. This advancement is key in the develop-
ment of multidimensional retrieval techniques and alleviates some
of their computational needs.

• Aurora has a modular structure designed to evolve with the needs
of future spectroscopic observations. The new modular capabilities
include:

– Noise modeling capabilities beyond the traditional assumed
independently distributed Gaussian errors. These include the
ability to retrieve an inflation for the standard deviation of ob-
servations and consider correlated noise using Gaussian pro-
cesses.

– Forward models considering the effects of light refraction, for-
ward scattering, and Mie scattering due to condensates.

Having introduced the methods in Aurora, we now benchmark the
retrieval framework. In the next chapter, Chapter 5, we validate this new
retrieval framework on current and synthetic observations of exoplanets.
We demonstrate the applicability of Aurora to a diverse population of
exoplanets. We present case studies for characterizing atmospheres us-
ing the canonical hot Jupiter HD 209458 b, the temperate mini Neptune
K2-18b, and the rocky exoplanet TRAPPIST-1 d.



5
A G N O S T I C R E T R I E VA L S O F E X O P L A N E TA RY
AT M O S P H E R E S

In Chapter 4, we have introduced the methods for a generalized retrieval
framework which we have called Aurora. This more advanced modeling
framework aims to reliably extract the atmospheric properties from ex-
isting and upcoming spectroscopic observations. Aurora is designed to
retrieve the atmospheric properties of any type of exoplanet atmosphere,
both H-rich and H-poor. Additionally, this new framework considerably
expands the model flexibility required for explaining higher fidelity ob-
servations by considering new prescriptions for inhomogeneous clouds
and hazes and next-generation Bayesian inference algorithms. As we
look towards the future, characterizing the atmospheres of an increas-
ingly diverse planet population through higher fidelity data will require
more flexible and complex Bayesian modeling frameworks.

Here1 we validate Aurora’s new retrieval features on real and syn-
thetic spectrophotometric observations. First, we validate our H-rich and
non-H-rich approaches as well as the new prescription for inhomoge-
neous cloud and haze cover on the prototypical hot Jupiter HD 209458 b
(Charbonneau et al., 2000; Henry et al., 2000) using observations from
Sing et al. (2016). We demonstrate the robustness of our framework
and cloud/haze prescription against assumptions of H-rich/H-poor at-
mospheres, improving on previous treatments. Next, we test the dif-
ferent nested sampling algorithms included in Aurora using the most
recent observations of K2-18b (Foreman-Mackey et al., 2015) from Ben-
neke et al. (2019c) and investigate the robustness of the retrieved abun-
dance estimates comparing them to previous works (e.g., Benneke et al.,
2019c; Welbanks et al., 2019; Madhusudhan et al., 2020). Using real and
synthetic spectra of K2-18b, we demonstrate the agnostic approach to
confidently constrain its bulk atmospheric composition and obtain pre-
cise abundance estimates. Lastly, we investigate future atmospheric con-
straints of rocky exoplanets using synthetic observations. We demon-
strate Aurora on synthetic observations of the rocky exoplanet TRAPPIST-
1 d. We find that 10 James Webb Space Telescope (JWST) NIRSpec tran-
sits can enable identification of the main atmospheric component for

1 The contents of this chapter are based on the published work of Welbanks & Madhusud-
han (2021).
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cloud-free, CO2-rich, and N2-rich atmospheres and abundance constraints
on trace gases. We find that the same 10 JWST-NIRSpec transits may en-
able initial indications of O3 if present at enhanced levels (∼ 10×–100×
Earth levels).

5.1 validation of aurora on hot jupiter hd 209458 b .

We perform a series of retrievals on the transmission spectrum of
HD 209458 b from Sing et al. (2016), composed of spectrophotometric
observations with HST/STIS, HST/WFC3, and Spitzer. We use the stan-
dard model setup described in Welbanks & Madhusudhan (2019); Pin-
has et al. (2019); Welbanks et al. (2019), also described in Chapter 2 and
Chapter 3. Our sources of opacity include H2-H2 and H2-He CIA, H2

Rayleigh scattering, and line opacity due to H2O, Na, K, CH4, NH3,
HCN, CO, and CO2. We conduct a range of retrievals with different
cloud and haze prescriptions, and assumptions of whether or not the
atmosphere is H rich.

We perform retrievals using four models with different considerations
for clouds and hazes allowed by our generalized prescription explained
in Section 4.3.3. Model 0 considers a clear atmosphere (i.e., ϕclouds =

ϕhazes = ϕclouds+hazes = 0). Model 1 considers one sector for a clear at-
mosphere and one sector for the combined effects of clouds and hazes
(i.e., ϕclouds = ϕhazes = 0). Model 2 considers one sector for a clear at-
mosphere, one sector for the presence of clouds only, and one sector for
the presence of hazes only (i.e., ϕclouds+hazes = 0). Model 3 considers
one sector for a clear atmosphere, one sector for clouds only, one sector
for hazes only, and one sector for the combined presence of clouds and
hazes (i.e., the full inhomogeneous cloud and haze prescription intro-
duced in this dissertation, Chapter 4). For each cloud and haze model
above, we perform a retrieval assuming a H-rich atmosphere and a
retrieval relaxing such assumption. In summary, we perform eight re-
trievals in this section with the models above, four assuming a H-rich
atmosphere and four not assuming a H-rich atmosphere.
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5.1.1 A Generalized Cloud and Haze Prescription

We consider a generalized cloud and haze prescription in order to ex-
plore a larger parameter space than available when restricting the pres-
ence of clouds and hazes to one sector only (i.e., model 1). We find
that assuming a H-rich atmosphere or not can result in different solu-
tions when restricting the clouds and hazes to the same region, as in
model 1 (e.g., MacDonald & Madhusudhan, 2017a). This is not the case
for any of the other models in this section (i.e., model 0, model 2, or
model 3). When assuming a H-rich atmosphere, we find that, using any
of the models for inhomogeneous cloud/haze cover, the spectrum of
HD 209458 b can be explained by two possible scenarios. The first is the
known solution with median values of subsolar2 H2O of log10(XH2O) ∼

−4.5, log10(XNa) ∼ −5.2, log10(XK) ∼ −7.0 and a cloud and haze cover
of roughly 50% (e.g., MacDonald & Madhusudhan, 2017a; Pinhas et al.,
2019; Welbanks & Madhusudhan, 2019; Welbanks et al., 2019); the sec-
ond is a physically implausible solution with high Na abundances that
make up for ∼ 20% of the atmosphere’s composition and an atmosphere
fully covered by clouds and hazes (e.g., log10(XH2O) ∼ −2.5, log10(XNa) ∼

−0.7, log10(XK) ∼ −2.4). Both modes are simultaneously retrieved by
model 2 and model 3, regardless of whether or not a H-rich composi-
tion is assumed. However, when treating clouds and hazes together (i.e.,
model 1), while assuming a H-rich atmosphere results in the two modes
as discussed above, relaxing the H-rich assumption results in only the
high Na abundance solution. Therefore, model 1 may be susceptible to
potential biases in retrieved solutions when the dominant atmospheric
composition may not be assumed to be H rich a priori. On the other
hand, models 2 and 3 provide more generalized parameterizations that
do not depend strongly on the H-rich assumption. In what follows, we
restrict the prior space of the log10 abundances of Na, K and CO to
an upper limit of −1.5, consistent with assumptions in previous studies
(e.g., MacDonald & Madhusudhan, 2017a; Pinhas et al., 2019; Welbanks
& Madhusudhan, 2019; Welbanks et al., 2019, Chapter 2 and Chapter 3).
We implement this upper limit by rejecting the unphysical solutions.

2 We clarify that in this context, we refer to abundances of H2O as subsolar by assess-
ing them relative to expectations from thermochemical equilibrium for solar elemental
abundances (Asplund et al., 2009). For a solar composition, the expectation is a H2O
abundance of log10(XH2O) ∼ −3.3 for a planet with the equilibrium temperature of
HD 209458 b (Madhusudhan, 2012).
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5.1.2 Effect of Cloud and Haze Prescriptions

We rerun all eight cases with the new constraints on the abundances
of Na, K and CO. We present the complete set of retrieved parameters
for the four cloud and haze models assuming a H-rich atmosphere and
not assuming a H-rich atmosphere in Table 17 included in Appendix
C.4. Figure 30 shows the median retrieved spectrum for model 3, which
results in the highest model evidence, while Figure 31 shows the H2O,
Na, and K posterior distributions for all four cloud and haze models.

Considering a cloud-free atmosphere (model 0) results in tight H2O
abundance constraints with precisions smaller than 0.5 dex. Regardless
of the treatment for the main gas constituent in the atmosphere, both
cloud-free retrievals result in subsolar H2O abundances with abundance
estimates smaller than the models considering clouds and hazes. These
low abundances are the consequence of having a larger observable atmo-
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sphere (i.e., larger atmospheric column), unocculted by clouds, in which
a small abundance of H2O can contribute enough to explain the obser-
vations (see e.g., Welbanks & Madhusudhan, 2019, Chapter 2).

Contrary to the cloud-free solutions, the cloudy and hazy scenarios
(i.e., models 1, 2, and 3) result in higher H2O abundances, although
with still generally subsolar values. Models 1, 2, and 3 are consistent
in their retrieved parameters when assuming a H-rich atmosphere and
when relaxing this assumption. The retrieved H2O abundances are con-
sistent with each other and within 1σ between all three cloud and haze
models. The same is true for the Na and K abundances. Model 1, con-
sisting of one fraction combining clouds and hazes as in MacDonald
& Madhusudhan (2017a), results in tighter constraints relative to mod-
els 2 and 3. These tighter constraints indicate that part of the parame-
ter space explored by the other two prescriptions was not considered
in model 1. The increase in model evidence for model 2 and model 3

relative to model 1 indicates that the increased parameter space con-
tains previously unsampled regions of high likelihood. The retrieved
P–T profiles are consistent between models 1, 2, and 3, with a retrieved
temperature near the photosphere for model 3 assuming a H-rich atmo-
sphere of T100mbar = 1308+345

−278 K, consistent with previous studies (e.g.,
Welbanks & Madhusudhan, 2019; Welbanks et al., 2019, Chapter 2 and
Chapter 3). On the other hand, the retrieved P–T profile for model 0

is tightly constrained at colder temperatures (e.g., T100mbar = 852+20
−12 K

for the retrieval assuming a H-rich atmosphere) and inconsistent with
the planet’s equilibrium temperature (Teq. ∼1450 K, e.g., Welbanks et al.,
2019, Chapter 3).

When comparing the retrievals assuming H-rich atmospheres, model
3 has the highest model evidence with a value of log(Z) = 958.40. Using
model 3 as our reference, model 0 is strongly disfavored at 4.6σ; model
1 is disfavored at 1.8σ; and model 2 is weakly disfavored at 1.4σ. A simi-
lar interpretation is available when comparing the non-H-rich retrievals
among themselves.

5.1.3 H-rich versus Non-H-rich Assumptions

We also compare retrievals assuming a H-rich atmosphere against re-
trievals not assuming a H-rich atmosphere. Relaxing the assumption of
a H-rich atmosphere requires an additional parameter to retrieve the vol-
ume mixing ratio of a mixture of H2 and He in solar proportions. This
additional parameter results in a decrease in model evidence relative to
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retrievals assuming a H-rich atmosphere. Retrievals using model 3 favor
assuming a H-rich atmosphere at 2.82σ over not assuming a H-rich at-
mosphere. Despite this decrease in evidence, retrievals not assuming a
H-rich atmosphere find that 99.9% of the atmosphere is made up of H2

and He. By not assuming a H-rich atmosphere a priori, our models are
able to robustly confirm that the data corresponds to the atmosphere of
a H-rich planet. Our results indicate that assuming a H-rich atmosphere
is appropriate for the spectrum of HD 209485b as expected. These results
demonstrate for gas giants that both approaches, whether or not assum-
ing a H-rich atmosphere, are consistent and that the retrieved parameter
estimates are robust against either methodology.

5.1.4 Assessing the Highest Evidence Model

The highest evidence model (i.e., model 3, H-rich assumption) results
in retrieved abundance estimates for H2O, Na, and K that are consis-
tent with previous results (e.g., Barstow et al., 2017; MacDonald & Mad-
husudhan, 2017a; Pinhas et al., 2019; Welbanks & Madhusudhan, 2019;
Welbanks et al., 2019, Chapter 2 and Chapter 3). However, their preci-
sions are wider with retrieved abundances of log10(XH2O) = −3.89+0.78

−0.62,
log10(XNa) = −3.95+1.71

−1.27, and log10(XK) = −5.73+1.65
−1.15. The wider esti-

mates result in a median H2O abundance that is still subsolar based on
expectations of thermochemical equilibrium, but consistent with a solar
value to within 1σ. Importantly, while the H2O abundance is largely sub-
solar, both Na and K abundances are significantly super-solar, implying
a relative depletion in H2O compared to Na and K as found in Welbanks
et al. (2019, Chapter 3). The retrieved cloud and haze parameters indi-
cate a nonclear atmosphere covered by clouds and hazes with a cloud
deck located above the expected photosphere. The retrieved fractions are
ϕclouds = 0.34+0.18

−0.20, ϕhazes = 0.27+0.09
−0.10, and ϕclouds+hazes = 0.24+0.19

−0.16.
Noteworthy, too, are the retrieved values for the Rayleigh-enhancement

factor. Model 3 (H-rich) retrieves a Rayleigh-enhancement of log10(a) =

3.28+1.01
−1.13, while model 2 (H-rich) retrieves log10(a) = 2.88+0.91

−0.85. Both
retrieved Rayleigh-enhancement factors have median values and upper
limits smaller than the retrieved median value for model 1 (e.g., log10(a) =

4.35+0.71
−1.01 for the H-rich case). This may indicate a tendency to over esti-

mate the Rayleigh-enhancement factor in the hazes when using model 1

(e.g., MacDonald & Madhusudhan, 2017a). If true, this possibility must
be accounted for when studying the nature of super-Rayleigh slopes as
performed in recent studies (e.g., Ohno & Kawashima, 2020). Similarly,
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although consistent with each other, the retrieved median value for the
scattering slope γ is higher for model 1 than for models 2 and 3. The
constraints from the H-rich retrievals are γ = −14.04+4.53

−3.94 for model 1,
γ = −16.57+3.15

−2.37 for model 2, and γ = −16.15+3.36
−2.60 for model 3. We note

that the interpretation of the Rayleigh-enhancement factor (a) should be
done in conjunction with the value for the scattering slope (γ) as these
parameters are correlated. Lastly, the retrieved cloud top pressure for
the gray cloud deck is consistent within 1σ between all approaches with
a retrieved value of log10 Pcloud) = −4.72+0.99

−0.84 for the model with the
highest evidence.

Finally, we compare model 2 to model 3. The retrieved parameters are
consistent between the two approaches and have similar precisions. Due
to their similar performance and relatively small difference in model ev-
idence, we consider both approaches interchangeable for the effects of
this chapter. In what follows we consider model 2 (i.e., one sector for a
clear atmosphere, one sector for clouds only and one sector for hazes
only) as our preferred model due to its smaller number of parameters
and similar performance to model 3 (i.e., full inhomogeneous cloud and
haze prescription). We utilize model 2 as our approach for inhomoge-
neous cloud and hazes in the remaining of the results section unless
otherwise stated.

5.2 testing multiple nested sampling algorithms

We validate the different nested sampling algorithms in Aurora by per-
forming retrievals using the same model and the same data. We dis-
cuss three nested sampling algorithms in Section 4.5.1. Four retrievals
are performed, one using MultiNest, one using PolyChord, one using
Dynesty in its static nested sampling mode, and one using Dynesty in
its dynamic nested sampling mode. We use the observed transmission
spectrum of K2-18b from Benneke et al. (2019c) including K2 band pho-
tometry, HST/WFC3 G141 grism spectra, and Spitzer IRAC photometric
observations. The model considers an isothermal and clear atmosphere.
We assume a H-rich atmosphere and consider the absorption due to
H2–H2 and H2-He CIA, H2O, CH4, NH3, CO and CO2. In total, the
model has seven free parameters: five molecular species, one parameter
for the temperature of the isotherm, and one parameter for the refer-
ence pressure. The retrieved parameters are used to produce the forward
models in Sections 4.6.3 and 4.6.4.
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When initializing the nested sampling algorithms, different parame-
ters responsible for the algorithm’s settings can be modified. Examples
of such parameters are the maximum number of iterations in the sam-
pling algorithm (PyMultiNest), parameters to increase the number of
posterior samples produced (PyPolyChord), or the maximum number
of likelihood evaluations before terminating (Dynesty). We keep most
settings for the nested sampling algorithms to their default values. We
only modify parameters needed for a direct comparison, e.g., the num-
ber of live points used to sample the prior distributions.

MultiNest was set up with 2000 live points. PolyChord was also set up
with 2000 live points and 7 repeats. The number of repeats is specific to
PolyChord’s settings, and it corresponds to the length of the sampling
chain used to generate a new live point. The longer the chain, the less
correlated the live points and the more reliable the evidence inference
is; however, the run takes longer to complete. The default value for the
number of repeats used by PolyChord is 5× the number of dimensions
in the problem, that is, 5× the number of model parameters. Because
we do not need an estimate for the model evidence in this exercise, as
we are not comparing the model evidence between samplers, we do not
need to choose a significantly larger number of repeats. We find that for
our atmospheric model with seven free parameters (i.e., seven dimen-
sions), our choice of seven repeats (i.e., 1× the number of dimensions) is
sufficient.

For Dynesty, two separate runs were performed: one using static nested
sampling and the other using dynamic nested sampling. For the static
Dynesty run, we used 2000 live points. Similarly, the dynamic Dynesty
run had an initial number of 2000 live points. The Dynesty runs were
set up to generate the new live points using multiellipsoidal decomposi-
tion with uniform sampling; this is so that their sampling methods were
similar to MultiNest.

Figure 32 presents the retrieved spectra for the data of K2-18b when
using each of the different nested sampling algorithms in Aurora, along
with the posterior distributions for the parameters of interest when com-
paring to previous works (e.g., Benneke et al., 2019c; Welbanks et al.,
2019; Madhusudhan et al., 2020). The complete list of retrieved parame-
ters is shown in Table 3.

All four nested sampling algorithms included in Aurora retrieve val-
ues consistent with each other and with previous works. The retrieved
H2O abundance for MultiNest is log10 (XH2O) = −2.28+1.16

−1.15, for Poly-
Chord it is log10 (XH2O) = −2.21+1.24

−1.20, for Dynesty in its static run is
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Table 3 Retrieved Parameters for the Spectrum of K2-18b Using Different
Nested Sampling Algorithms as Explained in Section 5.2.

parameter multinest polychord dynesty dynesty

static dynamic

log10 (XH2O) −2.28+1.16
−1.15 −2.21+1.24

−1.20 −2.29+1.20
−1.15 −2.32+1.20

−1.12

log10 (XCH4
) −8.33+2.63

−2.35 −8.11+2.64
−2.65 −8.09+2.63

−2.51 −8.18+2.65
−2.49

log10 (XNH3
) −8.82+2.27

−2.09 −8.73+2.37
−2.22 −8.67+2.26

−2.15 −8.73+2.27
−2.14

log10 (XCO) −6.89+3.53
−3.33 −6.63+3.58

−3.71 −6.70+3.54
−3.42 −6.71+3.42

−3.36

log10 (XCO2
) −7.49+3.42

−2.97 −7.31+3.28
−3.15 −7.25+3.23

−3.12 −7.21+3.17
−3.13

T0 (K) 179.70+57.86
−44.47 185.27+64.87

−50.45 182.81+59.85
−49.08 181.45+57.28

−46.58

log10(Pref)
(bar)

−0.86+0.37
−0.44 −0.89+0.39

−0.44 −0.86+0.37
−0.44 −0.86+0.37

−0.43

log10 (XH2O) = −2.29+1.20
−1.15, and for Dynesty in its dynamic run it is

log10 (XH2O) = −2.32+1.20
−1.12. These H2O abundances are consistent within

1σ with the works of Benneke et al. (2019c); Welbanks et al. (2019, see
also Chapter 3) and Madhusudhan et al. (2020, see also Chapter 7).
In agreement with previous works, the retrieved CH4 and NH3 me-
dian abundances are lower than expectations from chemical equilibrium.
Comparing between the four sampler setups, the posterior distributions
obtained for the parameters studied are largely consistent with each
other. The retrieved precision on the model parameters is consistent be-
tween samplers, with a precision on the H2O abundance of ∼ 1.2 dex.

Our comparison shows that despite the differences in sampling algo-
rithms, the parameter posterior distributions are mostly independent of
the method employed for a problem of this dimensionality (i.e., seven
model parameters) and with current data quality. We assess the differ-
ent run times for each of the nested sampling algorithms by performing
these retrievals on one thread of a four-core Intel Core i7-4700MQ CPU
at 2.40 GHz. The fastest Nested algorithm under these conditions was
MultiNest, followed by the static run of Dynesty (∼ 3× longer), the dy-
namic run of Dynesty (∼ 5× longer), and Polychord (∼ 6× longer). These
run times are not necessarily representative of the full potential of each
sampler. Different parameters in the setup of each algorithm can result
in different run times.

In general, we have shown that Aurora includes the capabilities to re-
trieve the atmospheric properties of an exoplanet spectrum using differ-
ent nested sampling algorithms. For current data and models, MultiNest
is an optimal tool that retrieves the posterior distribution of our parame-
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Figure 32 Comparison between retrievals with different nested sam-
pling algorithms. Top four panels show the retrieved median model (col-
ored line), 1σ and 2σ confidence intervals (shaded purple regions), and
K2, HST/WFC3, and Spitzer observations (black error bars with yellow
markers). Bottom row shows the posterior distributions for H2O, CH4,
NH3, and T0, the isothermal temperature. The posterior distributions
and colored lines are shown in green for MultiNest, pink for PolyChord,
red for Dynesty in its dynamic mode, and coral for Dynesty in its static
mode. All retrievals are consistent with each other.

ters efficiently. As data increases and possible degeneracies between the
parameters in our models are exacerbated, or as the dimensionality of
our problems and models increases, PolyChord and Dynesty are tools
that offer alternative ways to perform retrievals. The user in Aurora has
the freedom to choose the optimal tool for the problem at hand.

5.3 application to mini neptune k2-18b

We validate Aurora’s retrieval framework on current observations of K2-
18b (Benneke et al., 2019c), including K2, HST/WFC3, and Spitzer, spec-
trophotometric data. Unlike the previous section, we perform retrievals
not assuming a H-rich atmosphere. Using a full Bayesian approach, we
test the validity of previous assumptions of a H-rich atmosphere when
analyzing the most recent transmission spectrum of this mini Neptune.
Then, we perform retrievals on HST/STIS and JWST-NIRSpec synthetic
observations of the same planet and assess the constraints on the chem-
ical abundances and cloud/haze properties.
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5.3.1 Case Study: Current Observations of K2-18b

While previous studies have assumed that K2-18b has a H-rich atmo-
sphere (e.g., Tsiaras et al., 2019; Benneke et al., 2019c; Welbanks et al.,
2019; Madhusudhan et al., 2020), the robustness of this assumption has
remained untested. Here, we apply the new functionality of Aurora, to
retrieve atmospheric properties of an exoplanet without assuming a H-
rich atmosphere to the broadband transmission spectrum of K2-18b. As
discussed in Sections 5.2 and 5.3, we include spectroscopic observations
from the HST/WFC3 G141 grism (1.05–1.7 µm), as well as photometric
data in the Spitzer IRAC 3.6 and 4.5 µm bands, and K2 optical bands
(0.43–0.89 µm) from Benneke et al. (2019c). We also redo an analysis
assuming the planet has a H-rich atmosphere and with more model
considerations than the results in Section 5.2. By performing both sets
of retrievals, we can compare their model evidences and assess if the
assumption of a H-rich atmosphere is preferred by our retrievals. Fur-
thermore, we expand on previous studies and consider the possibility of
O2 and O3 absorption for illustration.

The retrievals on the full broadband spectrum of K2-18b consider ab-
sorption due to H2O, N2, CH4, HCN, NH3, CO, and CO2, and H2-H2

and H2-He CIA. A second set of retrievals expands the number of ab-
sorbers included by considering O2 and O3 absorption. Our models em-
ploy a full parametric P–T profile, include the presence of H2 Rayleigh
scattering, and follow our new inhomogeneous cloud and haze treat-
ment using two distinct cloud/haze sectors (i.e., model 2 in Section 5.1).
We perform retrievals by assuming the atmosphere is H rich as well as
relaxing this assumption. The retrieved parameters are shown in Table 4.
Figure 33 shows the retrieved spectra and a subset of the retrieved pos-
terior distributions for the highest evidence models assuming a H-rich
atmosphere and not assuming a H-rich atmosphere.

We first assess the retrievals when assuming a H-rich atmosphere. The
retrieved H2O abundances are consistent when considering the possibil-
ity of O2 and O3 absorption and when not. With retrieved H2O abun-
dances of log10(XH2O) = −2.10+1.07

−1.20 (not considering O2 or O3) and
log10(XH2O) = −2.12+1.09

−1.24 (considering O2 and O3), the results are in
agreement with the estimates of Benneke et al. (2019c); Welbanks et al.
(2019, see also Chapter 7) and Madhusudhan et al. (2020, see also Chap-
ter 7). Likewise, both retrievals find a depletion of CH4 and NH3 despite
the strong absorption of these species in the HST/WFC3 and Spitzer
bands, in agreement with retrievals in previous studies. The limited spec-
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Figure 33 Retrieval of current K2-18b observations with and without the
assumption of a H-rich atmosphere. Top: retrieved model spectra and
observations for the two cases. Each panel shows the retrieved median
model (blue for H rich and red for non H rich), 1σ and 2σ confidence
intervals (shaded purple regions), and the K2, HST/WFC3, and Spitzer
observations (black error bars with yellow markers). These cases do not
consider O2/O3 as these molecules were not preferred by the data (see
Table 4). Bottom row shows the posterior distributions for H2+He, H2O,
CH4, and NH3 for the two retrievals.

tral information in the optical wavelengths results in weak constraints
on the cloud and haze parameters. The use of a more complex cloud
and haze parameterization (i.e., more parameters) relative to previous
studies (e.g., Welbanks et al., 2019; Madhusudhan et al., 2020, Chapter 3

and Chapter 7), does not result in better constraints on the presence of
clouds and hazes. The derived parameters are largely consistent with
a clear atmosphere, i.e., small retrieved cloud cover fractions and haze
cover fractions, and cloud-deck top pressures mostly near or below the
photosphere.

The retrieved parameters when not assuming a H-rich atmosphere are
consistent, within 1σ, with the retrieved parameters when assuming a H-
rich atmosphere discussed above. Although consistent, this second ap-
proach results in wider and higher abundance estimates for all the chem-
ical species considered. The retrieved H2O abundances have median val-
ues almost 1 dex higher than those obtained when assuming a H-rich
atmosphere. These retrieved abundances are log10(XH2O) = −1.20+1.15

−1.81

(not considering O2 or O3) and log10(XH2O) = −1.22+1.18
−2.03 (considering

O2 and O3).
Despite the higher H2O abundance estimates, the retrievals indicate

that the main component of the atmosphere is H2 and He with retrieved



5.3 application to mini neptune k2-18b 139

abundances of log10(XH2+He) = −0.09+0.09
−5.71 (not considering O2 or O3)

and log10(XH2+He) = −0.14+0.13
−6.64 (considering O2 and O3). The retrieved

H2+He abundance estimates correspond to a median of ∼ 72%-81%, and
allow for H2+He abundances of less than 1% within 1σ as shown in Fig-
ure 33. Assuming a solar He/H2 ratio of 0.17 (Asplund et al., 2009), the
retrieved median H2+He abundance estimate of log10(XH2+He) = −0.09
(H2 and He volume mixing ratio of ∼ 81%) indicates a log10(XH2

) =

−0.16 (H2 volume mixing ratio of ∼ 69%) and log10(XHe) = −0.93 (He
volume mixing ratio of ∼ 12%). All other chemical abundances are poorly
constrained, with most uncertainties greater than 3 dex. Similarly, the
cloud and haze parameters remain unconstrained. Overall, retrieving
the main gas constituent in the atmosphere of K2-18b using current ob-
servations results in a H2 and He-rich atmosphere (∼ 72%-81% median
volume mixing ratio) with strong H2O absorption (∼ 6% median volume
mixing ratio), consistent with previous retrieval studies (e.g., Benneke
et al., 2019c; Welbanks et al., 2019; Madhusudhan et al., 2020, Chapter 3

and Chapter 7).
The highest model evidence corresponds to the retrieval assuming a

H-rich atmosphere and not considering absorption due to O2 or O3. Nei-
ther approach, assuming a H-rich atmosphere or not, favors the presence
of O2 and O3 absorption in the atmosphere of K2-18b. In the H-rich ap-
proach, the additional parameter space due to considering the presence
of these extra two absorbers dilutes the model evidence to a 1.17σ equiv-
alent level. Likewise, the non-H-rich approach results in a decrease in
model evidence equivalent to a 1.54σ level when considering absorption
due to O2 or O3.

Increasing the parameter space to retrieve the abundance of H2 and
He results in a decrease in model evidence. When not considering O2

and O3 absorption, the model evidence for the H-rich assumed retrieval
is higher at a 2.68σ level compared to the retrieval without a priori as-
sumptions on the bulk composition of the atmosphere. Similarly, the
H-rich assumption is preferred at a 2.79σ level over the non-H-rich as-
sumed model when considering absorption due to O2 and O3. This pref-
erence of almost 3σ for the H-rich model should not be interpreted as
a detection of a H-rich atmosphere on K2-18b but instead must be un-
derstood as an indication that the additional parameter space explored
by the non-H-rich approach is of lower likelihood. On the other hand,
the fact that both retrieval approaches infer a H-rich atmosphere can be
interpreted as a demonstration that current data favor a H-rich atmo-
sphere on K2-18b.



140 agnostic retrievals of exoplanetary atmospheres

5.3.2 Future Spectroscopic Observations: K2-18b

In order to investigate the abundance constraints that may be possible
with future observations, we generate synthetic HST/STIS and JWST-
NIRSpec observations of K2-18b based on the retrieved median H2O
abundance for our highest evidence model in Section 5.3.1. We choose
abundances for CH4 and NH3 that are ∼ 1× solar (log10(XCH4

) = −3.3,
log10(XNH3

) = −3.9; e.g., Woitke et al., 2018; Madhusudhan et al., 2020),
consistent with their apparent depletion relative to the retrieved ∼ 10×
solar H2O abundance (see Section 5.3.1, e.g., Madhusudhan et al., 2020).
The input model also includes absorption due to HCN, CO, and CO2,
with an input nominal abundance of 1 ppm. We generate a model spec-
trum at a constant spectral resolution of R = 5000 between 0.3 and 5.5
µm. Given that current observations of K2-18b do not place strong con-
straints on the presence of clouds and hazes, we use input values for the
cloud and haze prescription that fall within 1σ of the retrieved parame-
ters in Section 5.3.1. These input parameters are a Rayleigh-enhancement
factor a = 10, a slope γ = −10, a gray cloud deck with a top pressure
in bar of log10(Pcloud) = −1.6, and a 25% cover due to the hazes and
30% cover due to clouds. The input P–T profile is set by the retrieved
parameters for the highest evidence model in Section 5.3.1.

The synthetic JWST observations are generated using PANDEXO
(Batalha et al., 2017a). We generate observations for a transmission spec-
trum of K2-18b observed with JWST-NIRSpec using its three high-
resolution gratings (G140H/F100LP, G235H/F170LP, and G395H/F290LP)
in the subarray SUB2048 mode, i.e., a total of three transits. Further de-
tails on the model inputs to PANDEXO are described in Appendix C.2.1.
We also model synthetic HST/STIS observations covering the optical
wavelengths from ∼ 0.3 to 1.0 µm. Comparing an observed HST/WFC3

transmission spectrum of K2-18b (Benneke et al., 2019c) with that of
HD 209458 b (Deming et al., 2013), it is seen that nine transits of K2-18b
provide data of comparable quality, in terms of precision per spectral
bin, to one transit of HD 209458 b. Because there are no HST/STIS ob-
servations of K2-18b available, we derive a synthetic HST/STIS spectrum
of K2-18b by scaling the uncertainties and resolution from an observed
HST/STIS spectrum of HD 209458 b (Sing et al., 2016) in the same pro-
portion as that of the HST/WFC3 spectra between the two planets. We
note that the resulting synthetic observations of K2-18b would require
a significantly larger number of transits with HST/STIS than the nine
observed with HST/WFC3. Nevertheless, we consider this optimistic
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scenario as a test case to demonstrate our retrievals. Our synthetic obser-
vations have Gaussian-distributed uncertainties with a mean precision
of ∼ 72 ppm in the STIS G430L band and ∼ 71 ppm in the STIS G750L
band.

The resulting synthetic observations are shown in Figure 34. The syn-
thetic HST/STIS and JWST-NIRSpec observations provide a spectral range
of ∼ 0.3–5.0 µm, encoding information about the presence of clouds,
hazes, and absorption due to different species like H2O, CH4, and NH3.
We perform a retrieval on these observations considering absorption due
to H2O, CH4, HCN, NH3, CO, CO2, N2, O2, and O3, and H2-H2 and
H2–He CIA. We employ the same cloud and haze prescription employed
in Section 5.3.1. We do not assume the bulk composition of the atmo-
sphere and retrieve it instead.

Figure 34 shows the retrieved posterior probability distributions for
H2+He, the detected species H2O, CH4, and NH3, and some relevant
cloud/haze parameters. The full posterior distribution is shown in the
Appendix C.5, Figure 57. The bottom half in Figure 34 also shows (in
gray) the probability distributions obtained with current K2, HST/WFC3,
and Spitzer spectrophotometric observations (first column in Table 4).
Comparing both gray and green probability distributions, it is possi-
ble to appreciate that abundance estimates will be largely improved
using JWST observations. For the assumed synthetic model and data
considerations, we retrieve the abundances to be consistent with the in-
put values at log10 (XH2O) = −1.66+0.50

−0.55, log10 (XCH4
) = −2.94+0.35

−0.37 and
log10 (XNH3

) = −3.79+0.36
−0.40. The corresponding detection significances of

the molecules are ∼ 5σ, ∼ 7σ, and ∼ 3σ for H2O, CH4, and NH3 respec-
tively. In principle, even better abundance precisions and detection sig-
nificances may be attained by combining with other observations (e.g.,
JWST-MIRI, JWST-NIRISS, HST/WFC3), or considering data of higher
resolution. We also note that these precisions and detection significances
are dependent on the input model assumptions: ∼ 10×solar H2O and
∼ 1×solar CH4 and NH3. Nevertheless, these results demonstrate the
capability of Aurora to precisely retrieve the true input values of a mini
Neptune like K2-18b.

Furthermore, the retrieval on synthetic data demonstrates Aurora’s
ability to retrieve the bulk atmospheric composition of a mini Neptune
like K2-18b. With a retrieved abundance of log10(XH2+He) = −0.013+0.010

−0.024,
Aurora correctly identifies H2 and He as the bulk composition of the
atmosphere as shown in Figure 34. The retrieved median abundance in-
dicates that H2 and He account for more than 97% of the atmosphere’s
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Figure 34 Retrieval of synthetic observations of K2-18b. Top: synthetic
observations (black error bars with yellow markers) and median re-
trieved model (dark blue) for STIS G430L and G750L, and NIRSpec
G140H, G235H, and G395H. The 1σ and 2σ confidence intervals (shaded
purple areas) are not entirely visible as their span is much smaller than
the spread in the data. Horizontal lines at the bottom of the figure show
the wavelength coverage of HST/STIS and JWST-NIRSpec. Blue, green,
and purple horizontal lines show, respectively, the approximate wave-
length regions where H2O, NH3, and CH4 spectral features are expected.
Bottom: retrieved posterior distributions for H2+He, H2O, CH4, and
NH3 abundances, and relevant cloud and haze parameters. The green
posterior distributions in the foreground correspond to the retrieval us-
ing synthetic observations. The vertical red dashed lines indicate the
true model input values for this synthetic retrieval. The gray posterior
distributions in the background show estimates obtained with existing
real observations of K2-18b as discussed in Section 5.3.1, illustrating con-
straints possible with current data. We note that the red vertical lines are
unrelated to the gray posteriors.

composition, consistent with the input model. Future observations with
JWST will make it possible to unequivocally retrieve the bulk gas compo-
sition in the atmosphere of K2-18b, improving on present-day estimates
derived using current K2, HST/WFC3, and Spitzer observations.



5.4 application to rocky exoplanets 143

The cloud and haze parameters in the input model are motivated by
current constraints on K2-18b using existing data, as discussed above,
which indicate a relatively cloud-/haze-free atmosphere. Under these
cloud/haze assumptions, the retrieved abundance estimates and their
detection significances are not strongly affected when only JWST-NIRSpec
observations are considered in our retrievals. The retrieved cloud and
haze parameters are mostly unconstrained, consistent with the cloud-
/haze-free input model, and similar to constraints obtained with current
data (e.g., gray posterior distributions in Figure 34). Even when both
HST/STIS and JWST-NIRSpec observations are considered, the cloud/-
haze constraints are only marginally improved, as shown in Figure 34

and Appendix C.5, as expected considering the low cloud/haze cover in
the input model. Regardless of the cloud/haze constraints, however, the
chemical abundances are still derived precisely as discussed above.

In principle, further spectroscopic observations, including those with
other JWST instruments like NIRISS and MIRI, could help obtain better
constraints than those reported here. At the same time, it could also be
important to revisit the model assumptions in present retrievals (e.g., by
considering higher-dimensional models, temporal variability, etc.) when
confronted with observations of higher quality (e.g., higher resolution,
better signal-to-noise ratio, broader wavelength coverage) expected in
the near future. We discuss these implications and the prospect for fu-
ture works in Section 5.5.

5.4 application to rocky exoplanets

We demonstrate Aurora’s capabilities to identify the composition of at-
mospheres that are not H rich. We use synthetic JWST-NIRSpec observa-
tions of the rocky exoplanet (i.e., terrestrial-size exoplanet) TRAPPIST-
1 d (Rp = 0.788 R⊕, Mp = 0.388 M⊕; Gillon et al., 2017; Agol et al., 2021)
to validate Aurora’s retrieval capability for H-poor atmospheres. Of all
seven TRAPPIST-1 planets, TRAPPIST-1 d is the closest to Earth in terms
of insolation (see Figure 35). This makes TRAPPIST-1 d an appealing
candidate for characterization with JWST, especially in the context of
planets residing in their habitable zone. This opportunity has been rec-
ognized by the JWST Guaranteed Time Observations (GTO) program by
planning to observe two transits of the planet using the NIRSpec prism
(GTO 1201, PI: David Lafreniere).

Figure 35 shows the planet radius versus stellar insolation for the plan-
ets in the TRAPPIST-1 system. When compared to planets in the solar
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Figure 35 Planet radius vs. stellar insolation for the TRAPPIST-1 system.
The seven TRAPPIST-1 planets (values from Agol et al., 2021) are shown
alongside Earth and Venus (yellow diamonds). The shaded region repre-
sents the optimistic habitable zone for an M dwarf at the temperature of
TRAPPIST-1 (Kopparapu, 2013). TRAPPIST-1d (gold star) is at the inner
edge of the optimistic habitable zone of TRAPPIST-1 and is the closest
to Earth in terms of insolation. Equilibrium temperature calculated as-
suming full redistribution and zero albedo.

system, TRAPPIST-1 d falls between Venus and Earth in terms of in-
solation. As such, we consider two possible model configurations for
our application of Aurora: a CO2-rich atmosphere (e.g., loosely similar
to Venus’ atmosphere) and a N2-rich atmosphere (e.g., loosely similar
to Earth’s atmosphere with enhanced O3). The CO2-rich atmosphere is
composed of 98% CO2, 1% H2O, 11.7 ppm H2+He, and N2 in the re-
maining percentage (∼ 0.99%). The N2-rich atmosphere is composed of
77.51% N2, 21.38% O2, 1% H2O, 0.1% CO2, and 0.01% O3. We note that
this O3 abundance is ∼ 10×–100× higher than present-day Earth’s at-
mospheric abundance in the stratosphere (e.g., Anderson, 1987; Barstow
et al., 2016b). The atmospheres are modeled to follow an isotherm at
250 K. We considered three cases for each composition: (1) a clear atmo-
sphere, (2) an atmosphere with a gray cloud deck covering the entire
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planet at a cloud top pressure Pcloud = 0.1 bar, and (3) a gray cloud
deck covering the entire planet at a cloud top pressure Pcloud = 1 mbar.
The model spectra are generated at a constant resolution of R = 5000

between 0.3 and 5.5 µm.
Besides demonstrating Aurora’s capabilities, we explore the number

of JWST transits required for the spectroscopic observations to provide
chemical detections and abundance constraints of TRAPPIST-1 d’s atmo-
sphere. We consider observations from 1, 2, 3, 5, and 10 JWST transits.
We consider 2 transits motivated by the upcoming GTO 1201 program,
and an upper limit at 10 transits based on estimates for characterizing
the TRAPPIST-1 system from Batalha et al. (2018; see Section 5.5.2). We
empirically find that 10 transits with JWST-NIRSpec prism can provide
chemical constraints of ∼ 1 dex or better and robust detections (≳ 3σ)
for multiple chemical species in both the CO2-rich and N2-rich model
atmospheres. The synthetic observations are generated using PANDEXO
(Batalha et al., 2017a) for the NIRSpec prism using subarray SUB512. The
synthetic observations include Gaussian white noise. Additional details
are described in Appendix C.2.2.

The synthetic observations are generated using models that consider
CO2–CO2 and N2–N2 CIA, as well as Rayleigh scattering due to N2,
CO2, and H2O. The models in the retrievals do not assume a H-rich
atmosphere and consider absorption due to H2O, CO2, N2, O2, and
O3. Including the effects of H2-H2 and H2-He CIA, and following the
description for non-H-rich atmospheres in Section 4.4, the retrieval con-
siders a total of six chemical components: H2+He, H2O, CO2, N2, O2,
and O3. The model also considers one parameter for an isothermal tem-
perature profile and one parameter for Pref. We do not consider the full
cloud and haze prescriptions presented in Chapter 4 due to the lack of
observations in the optical required to robustly constrain the presence
of hazes. However, we consider the presence of inhomogeneous clouds
using two parameters: one for the cloud cover (ϕclouds) and one for the
cloud top pressure (log10(Pcloud)). In summary, the retrieval model has
a total of 10 parameters: 6 parameters for the chemical components, 1
parameter for the isothermal temperature, 1 parameter for the reference
pressure, and 2 parameters for the presence of inhomogeneous clouds.
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Figure 36 Detection significance for different chemical species in the atmosphere of TRAPPIST-1 d as a function of the observed number
of transits with JWST-NIRSpec. Top: CO2-rich atmosphere. Bottom: N2-rich atmosphere, with enhanced O3. Left boxes show the results
for a cloud-free atmosphere observed with 1, 2, 3, 5, and 10 transits. Right boxes show the results for observing 10 transits of a fully
cloudy atmosphere with a cloud-deck top pressure of 0.1 bar and 1 mbar.
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We begin by analyzing the results from our exploration of the number
of transits required to characterize TRAPPIST-1 d’s atmosphere. Figure
36 shows a summary of the chemical detections for the various numbers
of transits considered. We perform this exploration following a conserva-
tive approach in which any model preference < 2σ does not constitute
a detection (red squares), model preferences > 2σ and < 3σ are sug-
gestive of a chemical detection (yellow squares), and model preferences
> 3σ may be considered detections (green squares). Our search suggests
that for a CO2-rich clear atmosphere, 10 transits with JWST-NIRSpec
will be able to provide detections of CO2 and H2O. Likewise, for an N2-
rich clear atmosphere, 10 transits would provide detections of H2O, and
possibly O3 if present at enhanced levels (10×–100× Earth levels) as as-
sumed in the input model described above. For the N2-rich atmosphere,
although N2 is found to be the main atmospheric component, its lack of
spectral features makes its robust detection difficult.

However, considering clear atmospheres only results in optimistic esti-
mates that may be revised when considering the presence of clouds and
hazes. We consider observing the cloudy cases described above using the
same number of transits (right columns of Figure 36). As expected, the
presence of a cloud deck mutes several of the spectral features resulting
in weaker chemical detections or nondetections.

Next, we present the retrieved constraints using Aurora for the cases
with the strongest chemical detections, i.e., 10 transits for a cloud-free
model, starting with a clear CO2-rich atmosphere. The retrieved chem-
ical abundances of interest and retrieved spectrum are shown in Fig-
ure 37 along with the synthetic observations. The retrieved abundances
for the species included in the true input model are log10(XH2+He) =

−5.53+3.01
−3.02, log10(XH2O) = −1.64+0.63

−0.92, log10(XCO2
) = −0.07+0.06

−0.78, and
log10(XN2

) = −4.27+3.35
−3.76. The retrieved values are consistent within

∼ 1σ of the true model input values. Aurora is capable of accurately dis-
tinguishing the main constituent of the modeled CO2-rich atmosphere,
with the posterior distribution of CO2 corresponding to high abundances.
Furthermore, the precisions on the retrieved H2O abundance is ≲ 1 dex,
comparable to current chemical constraints for gas giants (e.g., Welbanks
et al., 2019, Chapter 3).

Although the input model corresponds to a cloud-free atmosphere, we
consider in our retrieval model the possibility of inhomogeneous cloud
cover. The cloud parameterization retrieves a cloud cover of ϕclouds =

0.37+0.39
−0.25 and log10(Pcloud)= 0.09+1.22

−3.08, consistent with a clear atmosphere
(e.g., relatively small cloud fraction cover) with the gray cloud deck
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Figure 37 Retrieval of synthetic TRAPPIST-1 d observations for a CO2-
rich atmosphere. Top: synthetic observations (gold markers, black er-
ror bars) and median retrieved model (blue line) for NIRSpec prism.
Shaded purple areas indicate 1σ and 2σ confidence intervals. Blue and
red horizontal lines show, respectively, the approximate wavelength re-
gions where H2O and CO2 spectral features are expected. Bottom: poste-
rior distributions for CO2, H2O, and N2. Vertical red dashed lines show
the true input values.

placed below the expected photosphere (e.g., not muting spectral fea-
tures) in agreement with the input model. Overall, these results indicate
that the chemical characterization of a CO2-rich, cloud-free atmosphere
is possible with 10 JWST-NIRSpec transits. Under these conditions, Au-
rora is capable of detecting the main component of the atmosphere
(CO2) at 4.7σ and the trace gas (H2O) at 4.3σ.

We briefly mention the results from considering the more challeng-
ing scenario of a cloudy CO2-rich atmosphere. As described above, we
consider scenarios with 100% cloudy atmospheres with cloud top pres-
sures of 0.1 bar and 1 mbar. While both cases indicate a CO2-rich at-
mosphere, the muted spectral features result in weaker detections of
the main atmospheric constituent (e.g., 4.3σ for 0.1 bar and ∼ 2σ for 1

mbar; see Figure 36). Although not resulting in strong detections, Au-
rora can correctly identify that the observations correspond to a cloudy
atmosphere, with the 1 mbar case retrieving ϕclouds = 0.82+0.13

−0.25 and
log10(Pcloud)= −2.80+1.25

−1.24 (i.e., relatively high cloud cover fraction and a
top cloud-deck pressure above the expected photosphere). In agreement
with other studies (see Section 5.5.2), our results suggest that robustly
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Figure 38 Retrieval of synthetic TRAPPIST-1 d observations for a N2-
rich atmosphere with enhanced O3. Top: synthetic observations (gold
markers, black error bars) and median retrieved model (blue line) for
NIRSpec prism. Shaded purple areas indicate 1σ and 2σ confidence in-
tervals. Blue, red, and purple horizontal lines show, respectively, the
approximate wavelength regions where H2O, CO2, and O3 spectral fea-
tures are expected. Bottom: posterior distributions for N2, H2O, CO2,
and O3. Vertical dashed lines show the true input values.

characterizing the atmosphere of a cloudy rocky exoplanet will need
more than 10 JWST-NIRSpec transits.

Next, we present the results from retrieving the clear N2-rich atmo-
sphere with 10 JWST-NIRSpec transits. Aurora retrieves abundances of
log10(XN2

) = −0.0037+0.0035
−2.2195, log10(XH2O) = −3.06+2.27

−0.81, log10(XCO2
) =

−4.18+1.97
−1.23, and log10(XO3

) = −4.12+1.56
−0.68, for the species with detec-

tion significances ≳ 2σ. The retrieved values are consistent within 1σ

of the input parameter despite the white noise in the observations. The
retrieved cloud parameters are ϕclouds = 0.51+0.31

−0.34 and log10(Pcloud)=
−0.34+1.12

−1.86, consistent with a cloud-free atmosphere due to the retrieved
cloud-deck top pressure being below the expected photosphere. Figure
38 presents the synthetic observations as well as the retrieved spectrum
and the posterior distributions for the chemical species of interest.

Although the retrieval indicates that N2 is the main component of the
atmosphere, the lack of strong spectral features results in a moderate
detection of N2 with 10 JWST-NIRSpec transits. Besides identifying the
main component of the atmosphere, Aurora is able to detect H2O (6.1σ)
and O3 (≳ 2σ) with 10 transits and provide constraints in their abun-
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dances to a precision of ∼ 1.5 dex. Although optimistic, these estimates
present a tantalizing prospect for the detection of possible biosignatures
in habitable zone rocky exoplanets. If present in ∼ 10×–100× higher
abundance than present-day Earth stratospheric levels (e.g., Anderson,
1987, see Section 5.5.2), 10 NIRSpec prism transits could provide an ini-
tial indication of O3 in TRAPPIST-1 d.

As performed in the CO2-rich case, we investigate the effect of a cloud
deck at 0.1 bar and 1 mbar on the estimates above. As shown in Fig-
ure 36, the presence of a cloud deck results in weaker or no chemical
detections. Nonetheless, the retrieved cloud parameters are mostly con-
sistent with the input cloudy models, with the 1 mbar case retrieving
ϕclouds = 0.89+0.07

−0.12 and log10(Pcloud)= −4.62+1.07
−0.87. In agreement with the

CO2-rich case, and as expected, this N2-rich case suggests that a cloudy
atmosphere is more difficult to characterize than a clear atmosphere.

The number of transits with JWST required for the chemical character-
ization of rocky exoplanets can vary depending on the system parame-
ters, the instrument of choice, and the desired precision on the retrieved
atmospheric properties. As such, our result of 10 JWST-NIRSpec transits
is specific to the cases considered here. We discuss additional consider-
ations that could revise these results as well as future considerations in
Section 5.5.2.

5.5 summary and discussion

In this chapter, we have validated Aurora’s Bayesian retrieval framework
using up-to-date existing observations of the hot Jupiter HD 209458 b
and the mini Neptune K2-18b. We further validate Aurora’s retrieval
framework using HST/STIS and JWST-NIRSpec synthetic observations
for K2-18b, and JWST-NIRSpec synthetic observations for the rocky exo-
planet TRAPPIST-1 d. Our results highlight four findings:

• For hot Jupiters, the retrieved parameter estimates are robust against
assumptions of a H-rich atmosphere or not. The cloud and haze
prescription introduced in this dissertation results in a higher model
evidence than previous inhomogeneous cloud and haze prescrip-
tions when applied to current observations of the well-studied hot
Jupiter HD 209458 b.

• For current observations of mini Neptunes, we have demonstrated
that the atmosphere of K2-18b is H rich. Furthermore, the differ-
ent nested sampling algorithms included in Aurora retrieve almost
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identical parameter estimates. The retrieved properties of K2-18b
are consistent with previous results.

• For future observations of mini Neptunes with JWST, abundance
estimates could result in precisions of ∼ 0.5 dex or better. Abun-
dance estimates obtained with JWST observations can be robust
even in the absence of observations in the optical wavelengths, for
relatively low cloud/haze covers as for the case of K2-18b.

• For future observations of rocky exoplanets, Aurora can robustly
identify their dominant atmospheric composition as well as reli-
ably detect and constrain the abundance of trace gases. For ex-
ample, 10 JWST transits of TRAPPIST-1 d could enable clear detec-
tions and abundance constraints of H2O in a cloud-free, N2-rich or
CO2-rich atmosphere. Furthermore, 10 JWST transits could enable
initial indications of O3 if present at enhanced levels (∼ 10×–100×
present-day Earth’s stratospheric abundances) in a cloud-free N2-
rich atmosphere.

We discuss the implications of our results for the analysis of current
and future observations of hot Jupiters, mini Neptunes and rocky exo-
planets.

5.5.1 Constraining the Composition of Mini Neptunes

Recent spectroscopic observations (e.g., Benneke et al., 2019b,c; Tsiaras
et al., 2019) have demonstrated that mini Neptunes are advantageous tar-
gets in the search of H2O vapor and other possible molecular features
in low-mass exoplanets. The lack of an analog for this type of planet
in our solar system represents a unique opportunity to learn about the
diversity of planet configurations and compositions. Straddling the gap
between terrestrial planets and ice giants, it is not always clear whether
the atmospheres of some of these planets are H rich or not. Similar to
our approach in Section 5.3.1, we suggest that the interpretation of fu-
ture observations of mini Neptunes and possible super-Earths should
begin by not assuming a bulk atmospheric composition. One should
perform an agnostic retrieval first, and retrieve the main atmospheric
constituent. Then, and if the data suggests the planet’s atmosphere is
H-rich, a second retrieval assuming an H-rich atmospheric composition
could be informative and should be performed. In this context, the two
retrieval approaches should be seen as complementary and informative.
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Considerations about the presence of clouds and hazes in these mini
Neptunes remain to be explored. The possible absence of clouds in the
observable atmosphere of temperate planets like K2-18b, as presented
here and in agreement with previous studies (e.g., Welbanks et al., 2019;
Madhusudhan et al., 2020, Chapter 3 and Chapter 7), represents a sur-
prise when compared to hotter cloudy planets like GJ 1214b (Kreidberg
et al., 2014a). On the other hand, the possibility of Mie-scattering clouds
as recently argued in the atmosphere of GJ 3470b (Benneke et al., 2019b)
could indicate a complex diversity in the presence of condensates in this
type of planets.

Future studies could investigate the need for more complex cloud
and haze models in retrievals when interpreting observations of mini
Neptunes. For instance, while Benneke et al. (2019b) develop and im-
plement a new Mie-scattering cloud parameterization for atmospheric
retrievals in order to explain the observations of GJ 3470b, Welbanks
et al. (2019, Chapter 3) explain the same observations without invoking
Mie scattering and implementing previous prescriptions for inhomoge-
neous clouds and hazes. Investigating the performance of those cloud
prescriptions and the one introduced here could elucidate whether the
apparent drop in transit depth in the spectrophotometric observations
of GJ 3470b indeed requires invoking Mie-scattering particles. Further-
more, incorporating the Mie scattering module available in Aurora into
its retrieval framework could provide further insights into the atmo-
spheric nature of this and other planets. Likewise, future studies may
investigate how the limitations of previous inhomogeneous cloud and
haze prescriptions unveiled in this dissertation affect recent studies that
investigate the influence of cloud model choices on retrieval solutions
(e.g., Barstow, 2020). A full exploration of the different degeneracies and
biases in different prescriptions for the clouds and hazes will be key in
refining future parametric prescriptions and part of the future outlook
described in Chapter 8.

Nonetheless, in order to robustly constrain the presence and prop-
erties of clouds and hazes, spectroscopic observations in the optical
wavelengths are essential (e.g., Line & Parmentier, 2016; Welbanks &
Madhusudhan, 2019, Chapter 2). While the results in Section 5.3.2 sug-
gest that state-of-the-art spectroscopic observations in the optical with
HST/STIS may not be precise enough to robustly constrain the proper-
ties of cloud and hazes for the marginal cloud/haze cover in our K2-18b
test case, achievable constraints with HST/STIS for instances with en-
hanced cloud and haze cover and for other mini Neptunes remain to be
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explored. Future studies could also explore constraints on the proper-
ties of clouds and hazes using observations from multiple instruments
on JWST, HST, and ground-based facilities.

5.5.2 Constraining the Composition of Rocky Exoplanets

Constraining the chemical composition of rocky exoplanets with heavy
mean molecular weight atmospheres needs dedicated observational ef-
forts. Exploratory studies using synthetic observations, as performed
here and other studies discussed below, can inform the requirements
for future observational campaigns. On the number of transits required
for the characterization of a TRAPPIST-1 d-like planet, our results are
broadly consistent with previous studies of the TRAPPIST-1 planets (e.g.,
Morley et al., 2017; Batalha et al., 2018; Krissansen-Totton et al., 2018;
Lustig-Yaeger et al., 2019; Wunderlich et al., 2019).

For instance, Batalha et al. (2018), using models for TRAPPIST-1 f that
consider the presence of a gray cloud deck and an information-content-
based approach (Batalha & Line, 2017), find that the NIRSpec prism
could detect and constrain the dominant atmospheric absorber in H2O-
rich and CO2-rich atmospheres of rocky exoplanets by the 10th transit
to uncertainties smaller than 0.5 dex. Batalha et al. (2018) argue that if
the dominant absorber has not been observed by the 10th transit it is un-
likely that more transits could provide more information. Naturally, our
suggestion of characterizing a rocky exoplanet using 10 JWST transits
is valid only if a featureless spectrum has been ruled out using the first
few transits.

If not pursuing a robust chemical characterization, a fewer number
of transits could help identify spectroscopic features and reject a feature-
less spectrum. Our results broadly agree with the study of Lustig-Yaeger
et al. (2019), who find that two NIRSpec prism transits are enough to
rule out a featureless spectrum for TRAPPIST-1 d, although they use a
signal-to-noise metric and we use a Bayesian detection significance met-
ric. Additionally, Lustig-Yaeger et al. (2019) employ atmospheric mod-
els from Lincowski et al. (2018) considering self-consistent atmospheric
compositions and find that CO2 could be weakly detected in TRAPPIST-
1 d using one transit of the JWST-NIRSpec prism in a variety of O2-
and CO2-rich atmospheres. While based on simpler atmospheric models
and limited to the CO2-rich composition, our results suggest that for a
cloud-free atmosphere, two transits of JWST-NIRSpec prism may suffice
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to provide initial detections (∼ 2σ) of the main atmospheric component
in TRAPPIST-1 d.

Nevertheless, our results are limited to the specific model consider-
ations we have investigated. Modifying our model assumptions of a
cloud-free atmosphere, a limited number of absorbers, lack of stellar
contamination, isothermal temperature profile, among others, could re-
sult in a larger number of transits required for the desired atmospheric
constraints. For instance, using more complex general circulation mod-
els, Komacek et al. (2020) demonstrate that ∼ 10 NIRSpec prism transits
would be required to detect H2O vapor in the atmosphere of a terrestrial-
size exoplanet orbiting a late-type M dwarf when ignoring the effect of
clouds and using a similar signal-to-noise metric to Lustig-Yaeger et al.
(2019). This result is broadly consistent with our estimate and that of
other studies (e.g., Batalha et al., 2018). However, when the effect of
clouds is considered, Komacek et al. (2020) find that 63 or more transits
are required to detect water. Their results, and our exploration of cloudy
models in CO2-rich and N2-rich atmospheres, suggest that the presence
of clouds may significantly increase the number of transits required to
detect water features.

Similarly, considering the effect of stellar contamination could signif-
icantly affect our interpretations. Recently, Rackham et al. (2018) argue
that the stellar contamination impact in the transmission spectra of the
TRAPPIST-1 planets can be comparable to or larger than the signal pro-
duced by an atmospheric feature. In that case, not accounting for stellar
contamination could result in a false positive and be a limiting factor
in obtaining reliable abundance constraints. Future studies could inves-
tigate the effect of stellar contamination in retrievals (e.g., as in Pinhas
et al., 2018) for super-Earths/mini Neptunes using the stellar hetero-
geneity module included in Aurora and revisit our reported estimates.

Furthermore, considering more complex atmospheric compositions
with multiple absorbers as investigated by Morley et al. (2017) could
better inform our estimates. In their study, Morley et al. (2017) use
radiative-convective models of the TRAPPIST-1 planets assuming Earth-
like, Venus-like, and Titan-like atmospheres to determine the number
of NIRSpec/NIRISS transit observations required to rule out a flat spec-
trum at ∼ 5σ confidence. Their results suggest that as few as 13 transits
could rule out a flat spectrum for a Venus-like atmospheric composi-
tion on TRAPPIST-1 d. While our results seem to be broadly consistent
with those of Morley et al. (2017), albeit more optimistic, the impact of
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non-isothermal profiles and other chemical compositions on our results
remains to be investigated.

Lastly, the number of transits required for characterizing H2O and
CO2 may not be representative of the requirements for detecting and
characterizing other chemical species, including possible biosignatures.
For instance, Barstow & Irwin (2016) investigate the number of tran-
sits required to detect O3 in the atmosphere of TRAPPIST-1 d. Their
study assumes atmospheric chemistry identical to Earth’s present-day
atmosphere and employs an optimal estimation retrieval algorithm with
isothermal models with clouds deep in the atmosphere where they do
not have a significant effect on the spectrum. Their results suggest that
present-day Earth levels of O3 would be detectable with 30 transits of
NIRSpec prism and MIRI Low-Resolution Spectrometer. Our results sug-
gest that 10 transits of TRAPPIST-1 d with NIRSpec prism could provide
initial indications of O3 in a N2-rich cloud-free atmosphere if present at
enhanced abundances (∼ 10×–100× present-day stratospheric Earth lev-
els, e.g., Anderson, 1987; Barstow et al., 2016b; Barstow & Irwin, 2016).
Future studies using Aurora could further investigate the requirements
for the detection and robust characterization of O3 and other possi-
ble biosignatures (e.g., Krissansen-Totton et al., 2018; Wunderlich et al.,
2019).

The characterization of rocky exoplanets with JWST remains an attrac-
tive avenue in the search for atmospheric features in habitable zone plan-
ets and the search for possible biosignatures. Although our results indi-
cate that precise abundance constraints will be possible with the upcom-
ing generation of telescopes, several outstanding considerations men-
tioned above need to be explored. Particularly, the presence of clouds,
hazes, and stellar contamination may present a significant hindrance in
the characterization of rocky exoplanets. If true, temperate cloud-free
sub-Neptunes like K2-18b may be the best targets for atmospheric char-
acterization of low-mass exoplanets.

5.5.3 On Multidimensional Effects

Modeling the presence of inhomogeneities in the atmospheric proper-
ties of a planet requires models beyond one-dimensional considerations.
Depending on their degree of inhomogeneity, these irregularities can
potentially affect the retrieved atmospheric properties. For instance, in
this chapter, we have explored how inhomogeneities in cloud and haze
cover affect the retrieved chemical abundances when assuming or not
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a H-rich atmosphere. Aurora currently employs a combination of one-
dimensional models to capture the multidimensional effect of inhomoge-
neous cloud and haze cover. Nonetheless, other heterogeneities and their
multidimensional nature can also affect the retrieved atmospheric prop-
erties. Recent studies have explored possible limitations of one-
dimensional retrievals in the context of transmission spectroscopy (e.g.,
Changeat et al., 2019; MacDonald et al., 2020; Pluriel et al., 2020).

For instance, compositional differences in the atmospheric chemistry
of exoplanets are an effect largely expected for ultra-hot Jupiters (UHJs)
with day-side temperatures ≳ 2200 K (e.g., Arcangeli et al., 2018; Par-
mentier et al., 2018; Baxter et al., 2020). These highly irradiated, tidally
locked planets, can exhibit large contrasts between the atmospheric tem-
perature of their day side and their night side, which in turn can re-
sult in strong variations in their atmospheric composition. Retrievals of
UHJs should not assume a homogeneous chemical composition or tem-
perature structure. Aurora’s retrieval framework is currently designed
for planets without strong temperature inhomogeneities across the ter-
minator (e.g., low or moderately irradiated planets). However, we have
designed Aurora with the implementation of multidimensional effects
in mind.

Our current retrieval framework can be readily generalized to incorpo-
rate multidimensional P–T profiles and nonuniform mixing ratios, just
as we have done for clouds and hazes. The inclusion of new nested sam-
pling algorithms, optimized for the treatment of high-dimensional pa-
rameter spaces and highly degenerate solutions, aids our retrieval frame-
work in these future developments. Future works can expand the current
retrieval framework to consider the effects necessary for the appropriate
study of UHJs. Nevertheless, these considerations are not imperative for
the planets considered in this study where large compositional/temper-
ature gradients between the day side and night side of a planet are not
expected.

5.5.4 Concluding Remarks

Currently, over 50 transiting exoplanets have been observed with trans-
mission spectroscopy and nearly 20 chemical species have been detected
in exoplanetary atmospheres (e.g., Madhusudhan, 2019). While obser-
vations of hot gas giants with H-rich atmospheres have been the most
abundant, advancements in observing facilities (e.g., Gillon et al., 2011,
2017), large observing campaigns (e.g., Kreidberg et al., 2014a; Benneke
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et al., 2019c), as well as the so-called M-dwarf opportunity (e.g., Char-
bonneau & Deming, 2007; Scalo et al., 2007) have allowed for tantaliz-
ing transmission spectra of mini Neptunes and super-Earths. The im-
minent launch of JWST and the continuous observing efforts with HST
and ground facilities promise to reveal many more spectra of transiting
exoplanets, including the prospect of spectral features in non-H-rich at-
mospheres. From hot Jupiters to temperate low-mass exoplanets, their
spectra could provide further insights into their formation paths, pos-
sible trends in compositions, and maybe even their prospects for habit-
ability. It is in this context that retrieval capabilities like Aurora could
play an important role in the accurate interpretation of spectroscopic
observations.





6
C H A R A C T E R I Z AT I O N O F E X O P L A N E T
AT M O S P H E R E S W I T H G R O U N D - B A S E D FA C I L I T I E S

As previously mentioned throughout this dissertation, state of the art in-
struments have enabled high quality spectroscopic observations of tran-
siting exoplanets with ground-based facilities. These spectroscopic ob-
servations, mostly in the optical wavelengths, allow for inferences on
the presence of multiple alkali species such as Na and K, and important
molecules for our understanding of thermal inversions (e.g., Hubeny
et al., 2003; Fortney et al., 2008; Spiegel et al., 2009; Gandhi & Madhusud-
han, 2019; Piette & Madhusudhan, 2020) such as TiO and VO. Addition-
ally, these observations can provide important constraints on the pres-
ence of clouds and hazes. As demonstrated in Chapter 2, high-precision
optical spectra are key for providing joint constraints on the presence of
clouds, hazes, and chemical abundances. The power of ground-based ob-
servations has recently allowed for inferences of cloud free atmospheres
with broad absorption signatures from alkali metals, complementary
wavelength coverage to those obtained with space-based facilities such
as the Hubble Space Telescope (HST), and suggestions of metal oxides
in the atmospheres of these alien worlds (e.g., Nikolov et al., 2016; Kirk
et al., 2019; Sedaghati et al., 2017).

With that landscape in mind, here we look into the atmospheric char-
acterization of exoplanets using ground-based facilities. This chapter1

presents part of the collaborative work we have contributed to by per-
forming data interpretations using atmospheric retrievals. We present
the atmospheric retrieval on the transmission spectra of WASP-127b in
Section 6.2, WASP-33b in Section 6.3, and WASP-21b in Section 6.4. The
observations presented in this chapter were obtained with the OSIRIS
spectrograph mounted at the 10 m Gran Telescopio Canarias (GTC); al-
though the case of WASP-127b includes re-analyzed spectra obtained
with the 2.5 m Nordic Optical Telescope (NOT). The contents of this

1 The contents of this chapter are based on the published work of Chen et al. (2018);
von Essen et al. (2019) and Chen et al. (2020). As explained in Section 6.1 the retrieval
framework used in this work is an adaptation of AURA (Pinhas et al., 2018) and Hy-
DRA (Gandhi & Madhusudhan, 2018) developed in Prof. Nikku Madhusudhan’s re-
search group. The data analysis and reduction that produced the spectra interpreted in
this chapter was conducted by the co-authors in the respective published works. These
co-authors additionally contributed to the manuscript and figure preparation for the
manuscripts from which this chapter is based.
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chapter are based on the published works of Chen et al. (2018); von
Essen et al. (2019) and Chen et al. (2020).

An important distinction is that, while the retrieval analysis for WASP-
127b and WASP-33b has already been presented in Chapter 3 as part of
the homogeneous analysis of transmission spectra, the work presented
in this chapter corresponds to the initial interpretation of the observed
spectra and the possible indications of previously unidentified chemi-
cal species in these exoplanetary atmospheres. Notably, the results pre-
sented here suggest the presence of lithium (Li) in WASP-127b, alu-
minum oxide (AlO) in WASP-33b, and Na in WASP-21b. If these chemi-
cal indications are confirmed by subsequent studies, the works summa-
rized here add to the rapidly growing chemical diversity in exoplanet
atmospheres. On the other hand, if future observations render these
initial indications inaccurate, the works in this chapter may highlight
the importance of obtaining exoplanetary spectra in overlapping and
complementary wavelengths (e.g., Sedaghati et al., 2017; Espinoza et al.,
2019; Sedaghati et al., 2021). In what follows, we present the method for
our retrieval analysis and the retrieved atmospheric properties of WASP-
127b, WASP-33b, and WASP-21b. We summarize our findings and dis-
cuss their implications in Section 6.5.

6.1 atmospheric retrieval configuration

To infer the atmospheric properties at the day-night terminator region
of WASP-127b, WASP-33b, and WASP-21b, we performed a spectral re-
trieval modeling on their transmission spectrum. The retrieval frame-
work employed is an adaptation of the AURA atmospheric retrieval
framework for transmission spectra (Pinhas et al., 2019), which is a
derivative of the HyDRA atmospheric retrieval framework for emission
spectra (Gandhi & Madhusudhan, 2018)2. The employed framework com-
putes line-by-line radiative transfer in a transmission geometry assum-
ing a plane parallel planetary atmosphere in hydrostatic equilibrium.
Our model retrieves the pressure-temperature (P–T ) profile of the at-
mosphere utilizing the six-parameter prescription of Madhusudhan &
Seager (2009) in an atmosphere that spans from 102 to 10−6 bar in pres-
sure. The model also considers the reference pressure (Pref) as a free
parameter, which is the pressure at an assumed radius Rp.

2 For clarity, we emphasize that we did not perform the retrieval analysis using Aurora,
the framework introduced in Chapter 4 and Chapter 5.
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In the retrieval framework, the volumetric mixing ratios of the chem-
ical species in the atmosphere are free parameters and assumed to be
constant. We consider absorption due to molecules and atomic species
that could be present in hot Jupiter atmospheres (Madhusudhan et al.,
2016). The chemical opacity sources considered in these works include:

• For all planets: H2-H2 and H2-He collision induced absorption
(CIA; Richard et al., 2012), CH4 (Yurchenko & Tennyson, 2014), CO
(Rothman et al., 2010), CO2 (Rothman et al., 2010), H2O (Rothman
et al., 2010), NH3 (Yurchenko et al., 2011), TiO (Schwenke, 1998),
and AlO (Patrascu et al., 2015).

• Additional sources for WASP-127b: FeH (Dulick et al., 2003; Harg-
reaves et al., 2010; Wende et al., 2010), TiH (Burrows et al., 2005),
CrH (Bauschlicher et al., 2001), Na, K, Li, V and Fe (Kramida et al.,
2018).

• Additional sources for WASP-33b: VO (McKemmish et al., 2016),
FeH (Dulick et al., 2003; Hargreaves et al., 2010; Wende et al., 2010),
TiH (Burrows et al., 2005), CrH (Bauschlicher et al., 2001), Na and
K (Kramida et al., 2018).

• Additional sources for WASP-21b: VO (McKemmish et al., 2016),
HCN (Barber et al., 2014), K (Allard et al., 2016), and Na (Allard
et al., 2019).

The opacities for the chemical species were computed following the
methods of Gandhi & Madhusudhan (2017), with the updated values
of Gandhi & Madhusudhan (2018) if available at the time of prepar-
ing the manuscripts upon which this chapter is based. Likewise, the
use of H2-broadened Na and K cross sections (e.g., as in the case of
WASP-21b) is the result of these sources of opacity becoming available
at the time of preparing the associated manuscript (Chen et al., 2020).
The H2-broadened Na and K cross sections were computed following
the method described in Chapter 3.

Our models consider the possibility of inhomogeneous cloud and
haze cover using the parametrization of MacDonald & Madhusudhan
(2017a). The model considers cloudy regions of the atmosphere to con-
sist of an opaque cloud deck with a cloud top pressure Pcloud in units
of bar and scattering due to hazes above the clouds. In the parametriza-
tion, hazes are included as σ = aσ0(λ/λ0)

γ, where γ is the scattering
slope, a is the Rayleigh-enhancement factor, and σ0 is the H2 Rayleigh
scattering cross section (i.e., 5.31× 10−31 m2) at a reference wavelength
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(i.e., λ0 = 350 nm). The inhomogeneous clouds and scattering hazes
are included through the parameter ϕ̄, which is the cloud/haze frac-
tion cover in the planet’s atmosphere. The retrieval framework allows
for the possibility of a flat spectrum (e.g., due to weak gaseous absorp-
tion and/or a gray homogeneous cloud cover) in the explored parame-
ter space. The Bayesian inference and parameter estimation is conducted
using the nested sampling algorithm implemented via the MultiNest ap-
plication (Feroz et al., 2009) through the Python interface PyMultiNest
(Buchner et al., 2014).

6.2 the extremely inflated sub-saturn-mass exoplanet

wasp-127b

WASP-127b is one of the rare short-period super-Neptunes in the transi-
tion gap from Jupiter-mass to Neptune-mass (Mazeh et al., 2016), and
the characterization of its atmosphere could help understand its for-
mation mechanisms. It has a mass of 0.18 ± 0.02 MJ and a radius of
1.37 ± 0.04 RJ, and orbits a G5 star every 4.17 days (Lam et al., 2017).
Its large atmospheric scale height Heq = kT/(µg) ≈ 2365 km (assuming
Teq = 1400 K, µ = 2.3 amu, gp = 2.14 m s−1), together with its bright host
star (V = 10.2), makes it one of the most ideal targets for atmospheric
characterization. Palle et al. (2017) studied its atmosphere via transmis-
sion spectroscopy with the ALFOSC spectrograph at the 2.5 m Nordic
Optical Telescope (NOT), and found evidences of a Rayleigh scattering
slope at the blue optical, a hint of Na absorption, and a spectroscopic
signal attributed to TiO/VO absorption.

6.2.1 Observations

One transit of WASP-127b was observed on the night of January 19,
2018 with the OSIRIS spectrograph (Sánchez et al., 2012) at the GTC.
The observation lasted from 00 : 26 UT to 07 : 16 UT, while the morning
twilight started at 06 : 42 UT. For a detailed description of the data
reduction and light curve analysis, elements beyond the scope of this
dissertation, we refer the reader to Chen et al. (2017).

6.2.2 Retrieved Atmospheric Properties

The optical transmission spectrum of WASP-127b provides strong con-
straints on its atmospheric composition. We report the detection of K at a
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Figure 39 WASP-127b’s transmission spectrum and retrieved models.
The blue circles and black squares with error bars are the observed spec-
trum by NOT/ALFOSC and GTC/OSIRIS, respectively. It shows an en-
hanced slope at the blue-optical, strong absorption peaks at 589.3 nm,
670.8 nm, and 768.2 nm, and another bump at the red-optical. These
features can be explained by the model spectrum when including opaci-
ties resulting from haze, Na, Li, K, and H2O, respectively. The red curve
shows the retrieved median model while the shaded areas show the 1σ

and 2σ confidence regions. The yellow diamonds show the binned ver-
sion for the retrieved median model.

confidence level of 5.0σ, Na at 4.1σ, and Li at 3.4σ in the spectrum along
with an indication of H2O (see Table 5 for the Bayesian model compar-
ison). Figure 39 shows the best-fit spectrum to the data along with the
significance contours. The models without Na, K, or Li fail to explain the
peaks in absorption at ∼ 589.3 nm, ∼ 670.8 nm, and ∼ 768.2 nm. We do
not have statistically significant detections of any other chemical species
considered in the model.

We retrieved atomic volume mixing ratios of log10(XNa) = −3.17+1.03
−1.46,

log10(XK) = −2.13+0.85
−1.32, and log10(XLi) = −3.17+0.97

−1.51 for Na, K, and Li,
respectively. The retrieved Na, K, and Li abundances are super-solar (As-
plund et al., 2009). The retrieved Li abundance is also significantly higher
than the super-solar value of the host star (log10(XLi) = −10.03; Lam
et al., 2017). We verified that the retrieved volume mixing ratios remain
consistent within the 1σ error bar even if the reference planet radius is a
free parameter instead of assumed as Rp = 1.37 RJup, consistent with the
findings presented in Chapter 2. The retrieved haze is ∼ 8500–250000×
(68.3% confidence interval) stronger than H2 Rayleigh scattering, has a
coverage of ϕ = 52+10

−9 %, and a power-law exponent of γ = −7.36+2.33
−2.56.

The P–T profile is relatively unconstrained by the data (see Figure 40).
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Table 5 Bayesian Model Comparison for WASP-127b. Detections of At-
mospheric Compositions at the Terminator of WASP-127b

Model Evidence Bayes factor Detection

ln(Z) B0i of Ref.

Reference 619.0 Ref. Ref.

No K 608.1 54838.7 5.0σ

No Na 612.1 1008.3 4.1σ

No Li 614.6 79.6 3.4σ

No H2O 617.8 3.4 2.1σ

The posterior distributions for the retrieval of WASP-127b are shown in
Appendix D, Figure 58.

Our models also considered the presence of H2O in the atmosphere
of the planet. Although the spectral shape in the wavelength range 833–
1018 nm resembles an H2O feature, the current error in the data within
900–1018 nm is relatively large and does not constrain the abundance
of H2O in the global atmospheric retrieval. We find a nominal H2O
signature with a relatively weak abundance constraint of log10(H2O) =

−2.60+0.94
−4.56, which can be confirmed with HST near-infrared spectroscopy

in the near term, and with James Webb Space Telescope (JWST) in the
future.

6.3 the highly irradiated hot jupiter exoplanet wasp-33b

WASP-33b (Collier Cameron et al., 2010) orbits an A-type star with a
period of ∼ 1.22 days, making it one of the strongest irradiated planets
known till date (Smith et al., 2011; von Essen et al., 2015). Lehmann et al.
(2015) carried out a spectroscopic follow-up of the host star, character-
izing the mass of the planet to be around 2.1 MJ. WASP-33b shows an
unusually large radius (∼ 1.6 RJ), making it inflated (Collier Cameron
et al., 2010) and ideal for transmission spectroscopy studies. Consider-
ing the reported equilibrium temperature for the planet of Teq. ∼ 2700 K
(e.g., Smith et al., 2011, see also Chapter 3), and assuming µ = 2.3 amu
and gp ∼ 29 m s−1 (e.g., Nugroho et al., 2017), WASP-33b has a scale
height of Heq ≈ 336 km. Below we present the results of performing a
retrieval analysis on the optical spectrum of WASP-33b.
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Figure 40 WASP-127b’s retrieved P–T profile. The shaded areas show the
1σ and 2σ confidence regions.

6.3.1 Observations

The spectra in this work are the result of a search for oxides and clouds/-
hazes at the terminator region of the atmosphere of WASP-33b by trans-
mission spectroscopy in the optical. We exploit two transit observations
taken 18 orbits apart with the 10 meter GTC. The observations occurred
on the nights of August 7 (henceforth observing run 1, OR1) and Au-
gust 30 (observing run 2, OR2), 2014. The observations were taken using
the OSIRIS spectrograph. A complete description of the data acquisition
and reduction is available in von Essen et al. (2019).

6.3.2 Retrieved Atmospheric Properties

The analysis of the transmission spectrum of WASP-33b provides ini-
tial constraints on its atmospheric composition. Figure 41 shows the re-
trieved median fit to the observations along with the 1σ and 2σ con-
fidence contours. In particular, we report a possible detection of AlO
at 3.3σ significance as shown in Table 6. We retrieve a volume mix-
ing ratio of log10(XAlO) = −4.58+0.67

−0.79 for AlO. Although we do not



166 retrieving ground-based spectra

400 500 600 700 800 900
Wavelength [nm]

1.05

1.08

1.11

1.14

1.17

1.20

1.23

Tr
an

si
t D

ep
th

 [%
]

Retrieved Model
No AlO Model

1
2

OR1
OR2

0

5

10

15

20

N
um

be
r o

f s
ca

le
 h

ei
gh

ts

Figure 41 Transmission spectrum of WASP-33b and retrieved models.
The blue and black circles represent transit depths from OR1 and OR2,
respectively. Horizontal lines indicate the size of the wavelength bin. Er-
ror bars are at the 1σ level. The red curve shows the retrieved median
model and the 1σ and 2σ confidence envelopes are shown by the shaded
regions. The gold diamonds are the binned median model at the same
resolution as the data. The spectrum shows a feature from ∼ 450–550 nm
that is explained by the model spectrum including AlO.

find statistically significant evidence for the other species considered
in our retrieval, the upper limits at the 99 percentile for TiO and VO
are log10(XTiO) = −7.52 and log10(XVO) = −6.74. Although H2O was
considered in our models, the long-wavelength data do not show any
features corresponding to H2O absorption. Models without AlO fail to
explain the features from 450–550 nm, as can be seen in Figure 41.

We use Bayesian model comparisons to evaluate the detection signif-
icance of AlO as shown in Table 6. We find that our full 28-parameter
model with AlO is preferred over a 27-parameter model without AlO at
a 3.3σ significance. We also investigate fits to the data with a featureless
spectrum represented by a constant transit depth, i.e., a 1-parameter flat
line model, using MultiNest. We find that the full 28-parameter model is
preferred over the 1-parameter flat spectrum model at 4.2σ significance.
We present the Bayesian evidence and model comparisons in Table 6.

The retrieved P–T profile is shown in Figure 42. We obtain a rela-
tively unconstrained profile consistent with the equilibrium tempera-
ture of Teq. ∼ 2700 K, reported in Smith et al. (2011), within the 2σ re-
gion. The retrieved median fit for the P–T profile varies from ∼ 3200 K
at the top of the atmosphere to ∼ 3600 K at the 1 bar surface. The re-
trieved P–T profile is also consistent with the average day-side bright-
ness temperature of 3144± 114 K in the near-infrared reported in Zhang
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Table 6 Bayesian Model Comparison for WASP-33b. Detections of Atmo-
spheric Compositions at the Terminator of WASP-33b.

Model Evidence Bayes factor Detection

ln(Z) B0i of Ref.

Reference 215.1 Ref. Ref.

No AlO 211.3 46.7 3.28σ

Flat line model 208.0 1232.3 4.18σ

No hazes/clouds 215.8 0.5 N/A

et al. (2018). Transmission spectra probe the day-night terminator region,
sampling temperatures of both the day side and night side of the atmo-
sphere. Furthermore, transmission spectra in the optical probe higher
regions in the atmosphere than emission spectra. If WASP-33b has a
thermal inversion (e.g., Haynes et al., 2015) it is conceivable that the up-
per atmosphere probed by a transmission spectrum may be comparable
in temperature to that of the day-side photosphere reported by Zhang
et al. (2018). Our model considers the presence of clouds and hazes in
the atmosphere of WASP-33b. However, the data does not constrain the
cloud/haze properties of the planet. The data in the optical wavelengths
lacks features indicative of a scattering slope. We performed a retrieval
test for a clear atmosphere and the molecular abundances remained un-
changed. A clear atmosphere is consistent with studies showing that the
condensation temperatures of expected cloud and haze forming species
are well below that of WASP-33b (Pinhas & Madhusudhan, 2017; Wake-
ford et al., 2017b). The posterior distributions for the relevant parameters
are shown in Appendix D, Figure 59.

Our detection significance for AlO of 3.3σ represents a conservative
limit. Given the large number of model parameters used for complete-
ness in our full retrieval the evidence, and hence the significance, is
conservative. In practice, several of the 28 model parameters do not con-
tribute significantly in the observed visible band. Retrieval with a model
considering only the parameters that affect the visible spectrum consti-
tute a more meaningful measure of the detection significance. To further
test the significance of the AlO detection we consider an additional sim-
plified retrieval. Given that our full retrieval was not able to constrain
the cloud properties of WASP-33b or the P–T profile, our simplified
model is a clear atmosphere with absorption from TiO and AlO only, and
an isothermal temperature profile, i.e, four free parameters. The result-
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ing retrieval obtains a log evidence of 217.7. Using this four-parameter
model with AlO as our reference in a Bayesian model comparison, we es-
timate its detection significance relative to models without AlO. We find
that the reference model is preferred over a three-parameter model with-
out AlO at 4.7σ significance. Similarly, the reference models is preferred
over a one-parameter flat line model at 4.8σ significance. Although this
analysis suggests that our detection of AlO is at a confidence level higher
than 3.3σ, we still adopt the more conservative detection significance ob-
tained using the full 28-parameter model.

Our retrieved AlO abundance constrains the Al/H ratio in the at-
mosphere. The volume mixing ratio of log10(XAlO) = −4.58+0.67

−0.79 cor-
responds to an abundance of log10(AlO/H) = −4.81+0.67

−0.79. Assuming
all the Al is contained in AlO, our derived estimate of Al/H is consis-
tent with a solar value of log10(Al/H) = −5.55± 0.03 (Asplund et al.,
2009). However, Al can also be present in other refractory species, in
which case our derived estimate is a lower limit on the true Al/H abun-
dance in the atmosphere of WASP-33b. In particular, the dominant Al-
containing species in a solar-composition atmosphere in equilibrium, at
temperatures near 3000 K, include Al and AlH (Woitke et al., 2018). Un-
der such conditions, our retrieved AlO abundance is ∼ 103 × higher
than that predicted in chemical equilibrium with solar abundances. Fu-
ture studies may investigate the feasibility of our retrieved abundance
of AlO in WASP-33b, possibly due to chemical disequilibrium or other
mechanisms. Additionally, future observations may also provide better
constraints on the same.

6.4 the hot saturn exoplanet wasp-21b

Here we present the retrieval analysis of the low resolution transit ob-
servations of the Saturn-mass hot Jupiter WASP-21b. This low-density
planet has an equilibrium temperature of Teq = 1333± 28 K and a low
surface gravity of gp = 5.07± 0.35 m s−1 (Bouchy et al., 2010), which
could potentially exhibit a transit depth variation of ∼ 250 ppm per scale
height (i.e., Heq ≈ 950 km, assuming µ = 2.3 amu), making it a good
target for atmospheric characterization via transmission spectroscopy.
WASP-21b orbits a G3V thick disc star in a circular orbit every 4.32 days
(Bouchy et al., 2010), which is one of the most metal-poor planet hosts
([Fe/H] = −0.46± 0.11). Bouchy et al. (2010) observed a single transit
with both 1.5 m Cassini Telescope and 1.2 m Calar Alto Telescope, and
presented the latest revised physical parameters for the system. They
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Figure 42 WASP-33b’s retrieved P–T profile. The retrieved median pro-
file is shown in red and the 1σ and 2σ confidence intervals are shown as
the shaded areas.

derived 0.890 ± 0.079 M⊙ and 1.136 ± 0.051 R⊙ for the host star, and
0.276± 0.019 MJ and 1.162± 0.054 RJ for the planet.

6.4.1 Observations

One transit of WASP-21b was observed on the night of September 11,
2012 (program GTC47-12B, PI: E. Pallé), using the OSIRIS spectrograph
at the GTC. The publication from which part of this chapter is taken (e.g.,
Chen et al., 2020) includes details about the acquisition and analysis of
high-resolution spectra for the same planet taken with HARPS-N at the
Telescopio Nazionale Galileo, and HARPS at the ESO 3.6 m telescope
in La Silla, Chile. Full details about the data reduction and analysis, for
both the high and low resolution spectra, are available in Chen et al.
(2020).

6.4.2 Retrieved Atmospheric Properties

We perform an initial exploratory retrieval considering possible absorp-
tion due to all 11 chemical species considered in this work, inhomoge-
neous cloud and haze cover, and a parametric P–T profile. As expected,
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Figure 43 WASP-21b’s transmission spectrum and retrieved models. The
blue crosses are the error bars and bin width of the observed spectrum
by GTC/OSIRIS. It shows a strong absorption peak at ∼ 589 nm. This
feature is preferentially explained by our retrieval models by including
the opacity resulting from Na. We show in an inset the retrieved P–T
profile for the data using our fiducial model. The red curve shows the
retrieved median model while the purple shaded areas show the 1σ and
2σ confidence regions. The yellow diamonds show the binned version
for the retrieved median model.

we find that the only chemical species relatively constrained by the data
are those with strong spectroscopic signatures in the optical wavelengths.
Therefore we use a fiducial model to consider absorption due to H2O,
Na, K, TiO, AlO and VO only, as well as a parametric P–T profile and
inhomogeneous cloud and haze cover. The fiducial model has a total of
17 parameters: 6 chemical abundances, 6 parameters for the P–T profile,
4 parameters for the cloud and haze prescription, and 1 parameter for
the reference pressure corresponding to the reference planetary radius
of 1.162 RJ

Figure 43 shows the retrieved median model to the observations along
with the 1σ and 2σ confidence regions. It also shows in an inset the re-
trieved P–T profile for the fiducial model. Our results suggest that the
features in the spectrum can be explained by the presence of Na in the
planet’s atmosphere. Using the fiducial model as reference we report a
possible detection3 of Na at a confidence level of 3.5σ. The retrieved Na
abundance is log10(XNa) = −2.57+0.84

−1.24. Besides Na, K also shows possi-
ble spectroscopic signatures at ∼ 770 nm. Our models do not exhibit a
strong preference for the presence of K in the spectrum of WASP-21b and
derive a largely unconstrained abundance of log10(XK) = −7.42+2.22

−2.65.
Similarly, the data does not provide strong constraints on the P–T pro-

3 The high-resolution transmission spectrum of WASP-21b further confirms the presence
of Na in its atmosphere at higher altitudes (Chen et al., 2020).
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Table 7 Bayesian Model Comparison for WASP-21b. Detections of Atmo-
spheric Compositions at the Terminator of WASP-21b.

Model log10(XNa) Na detection significance log10(XK) ln(Z)

Fiducial −2.57+0.84
−1.24 3.5σ −7.42+2.22

−2.65 235.79

Simplified −3.31+1.34
−1.77 4.9σ −7.53+2.26

−2.80 239.12

file or the presence of clouds and hazes in the atmosphere of WASP-21b.
The retrieved cloud and haze parameters are unconstrained and consis-
tent with a mostly clear atmosphere, partly due to the lack of features
in the data indicating a scattering slope. The P–T profile remains largely
unconstrained with a derived temperature at 100 mbar, close to the pho-
tosphere, of T

100 mbar = 1371+254
−230 K consistent with the equilibrium tem-

perature of the planet.
Given that current spectroscopic observations do not place strong con-

straints on the P–T profile or the presence of clouds and hazes we con-
sider a simplified model retrieval. The simplified model considers ab-
sorption due to Na and K only, an isothermal P–T profile, and a clear at-
mosphere. The simplified model retrieved abundances are log10(XNa) =

−3.31+1.34
−1.77 and log10(XK) = −7.53+2.26

−2.80, consistent with the fiducial
model. The derived Na abundance is marginally consistent with expec-
tations from solar abundance chemistry of log10(Na/H) = −5.76 (As-
plund et al., 2009). Similarly, the retrieved temperature for the isotherm
is T = 1224+181

−208 K, consistent with the equilibrium temperature and the
derived temperature at 100 mbar in the fiducial model. Using this simpli-
fied model as reference, Na is detected at a confidence level of 4.9σ. The
posterior distribution for this retrieval is shown in Appendix D, Figure
60 and our retrieval results summarized in Table 7.

6.5 summary and discussion

The spectroscopic observations analyzed in this chapter demonstrate the
crucial role of ground-based facilities in providing high quality optical
transmission spectroscopy. With these exquisite observations, we can
inform our atmospheric models and use reliable retrieval frameworks
to derive important constraints on the atmospheric P–T profile of the
planet, its atmospheric chemical composition, and the presence of clouds
and hazes. By performing a model comparison, we can assess the pref-
erence for certain model considerations and assess the possible presence
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of different chemical species in these exoplanet atmospheres. While ex-
pressing the odds in favor of a more complex model does not necessar-
ily mean the detection of new physics or a species in the spectrum of a
planet (see e.g., Section 4.5.2 in Chapter 4), these suggestions can inform
future spectroscopic surveys and provide initial insights into exoplanet
diversity. Below we discuss and summarize the results for each of the
planets in this chapter.

The transmission spectrum of the super-Neptune WASP-127b enabled
the inference of a scattering haze at the blue wavelengths, the pressure-
broadened spectral profiles of Na, K and Li absorption, and found a
hint of water absorption at the red wavelengths. The inferred Na and K
abundances are consistent with super-solar values. These spectra were
reanalyzed in Chapter 3 considering H2 broadened Na and K cross sec-
tions and the results were found consistent with those presented here.
The results presented here for WASP-127b showcase that large-aperture
ground-based telescopes could result in high-quality spectroscopy and
that is comparable to, or even better than, what HST can do (also see
Sedaghati et al., 2017).

Later observations of WASP-127b with HST (Spake et al., 2021) con-
firmed the Na detection presented in this chapter. Additionally in the
near-infrared, Spake et al. (2021) were able to confirm at very high confi-
dence (13.7σ) the suggestions of H2O in the atmosphere of WASP-127b
presented in Chen et al. (2018) and this chapter from an unresolved
H2O absorption feature. While the HST/STIS observations of WASP-
127b show absorption due to Na, Spake et al. (2021) did not recover Li
or K absorption in the spectrum. The agreement between ground-based
and space-based observations in the Na absorption wavelengths, cou-
pled with the apparent disagreement in the K absorption wavelengths,
is a conundrum that could be resolved with future spectroscopy and
independent data reanalysis.

The retrieval analysis presented in Spake et al. (2021) resulted in super-
solar Na and O measured under assumptions of chemical equilibrium.
However, when considering a free chemistry model, where uniform vol-
ume mixing ratios are treated as free parameters, Spake et al. (2021)
instead measured subsolar H2O and Na abundances. This discrepancy
further highlights one of the important lessons from Chapter 3 in which
the differing trends in the abundances of species argue against the use
of chemical equilibrium models in atmospheric retrievals. Future homo-
geneous studies, such as the one presented in Chapter 3, could further
investigate the derived chemical abundances from the combined ground-
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based and space-based transmission spectra of WASP-127b. Addition-
ally, if later confirmed, the detection of Li in the planet atmosphere
could open a new window to understand lithium depletion in planet-
host stars and an additional tracer into planet formation history (e.g.,
Bouvier, 2008; Israelian et al., 2009; Baraffe & Chabrier, 2010).

For WASP-33b, the main spectral feature of the optical transmission
spectrum analyzed in this chapter is an increase in the planet-star radius
ratio blueward of about 560 nm. Spectral absorption features by gaseous
AlO have not been reported in the literature of exoplanet observations
prior to the work of von Essen et al. (2019), though atmospheric models
predict its importance in hot Jupiters (Gandhi & Madhusudhan, 2019).
Aluminum compounds such as corundum (i.e., Al2O3, the crystaline
form of aluminum oxide) have been described as potential condensates
forming clouds or hazes in very hot exoplanet atmospheres (e.g., Lod-
ders, 2002; Wakeford et al., 2017b; Pinhas & Madhusudhan, 2017). Sub-
sequent observational efforts have yet to confirm the presence of AlO
in the atmosphere of WASP-33b. However, as shown by the detection of
TiO (e.g., Nugroho et al., 2017; Cont et al., 2021) and subsequent skepti-
cism on such detection (e.g., Herman et al., 2020; Serindag et al., 2021),
confirming the presence of oxides and other chemical species in the at-
mosphere of WASP-33b will require observations at both high and low
resolution for the day side and night side of the planet. More observa-
tions of the transmission spectrum of WASP-33b in the visible, both from
ground-based facilities (e.g., Sedaghati et al., 2017; Chen et al., 2018) as
well as with HST (e.g., Sing et al., 2016), could help improve upon the
present constraints.

The retrieval analysis on the transmission spectrum of the Saturn-
mass planet WASP-21b reports the detection of Na at a confidence level
> 3.5σ. While a fiducial model leads to a Na detection at 3.5σ signifi-
cance, a simplified model provides a detection at 4.9σ significance. This
detection was confirmed using high resolution spectroscopy in Chen
et al. (2020). WASP-21b is an exemplary case in which a chemical de-
tection is simultaneously confirmed using both low and high resolution
transmission spectra, demonstrating the potential for both techniques.
In low resolution, the retrieved super-solar abundance is consistent with
the alkali enrichment observed for other exoplanets in Welbanks et al.
(2019) and Chapter 3. Future observations in the optical and the near-
infrared could inform if the spectrum of WASP-21b presents absorption
features due to other chemical species, and whether the Na enhancement
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is accompanied by an O depletion as it is the case with other exoplanets
(see e.g., Chapter 3).

In summary, we have shown in this chapter that high quality spec-
troscopic observations with ground-based facilities offer a unique win-
dow into the atmospheres of exoplanets. Their wavelength coverage,
usually spanning the optical wavelengths, enables crucial constraints
on the chemical composition of exoplanet atmospheres. Particularly, al-
kali species such as Na and K, and trace species including metal ox-
ides can be initially inferred and their abundances constrained when us-
ing robust retrieval frameworks. Recent improvements in ground-based
facilities are enabling increasingly higher quality spectra. These high
quality data will also necessitate concomitant improvements in the mod-
els inevitably employed to infer basic planetary conditions (e.g., Chap-
ter 5). As we look towards the future, ground-based observations along-
side those from space-based observatories (e.g., HST and JWST, see also
Chapter 7) will provide further constraints on the atmospheric chemical
compositions of exoplanets and their formation histories.
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C H A R A C T E R I Z AT I O N O F E X O P L A N E T
AT M O S P H E R E S W I T H S PA C E - B A S E D FA C I L I T I E S

The bulk of the spectroscopic observations of exoplanet atmospheres
in the near-infrared have been performed using space-based facilities,
mostly with the Hubble Space Telescope (HST). Indeed, a new era in HST WFC3 grisms.

G102: ∼ 0.8–1.2 µm
G141: ∼ 1.1–1.7 µm
UVIS G280:
∼ 0.2–0.8 µm.

transit spectroscopy for exoplanets started after the installation of the
Wide Field Camera 3 (WFC3) instrument and the refurbishment of the
Space Telescope Imaging Spectrograph (STIS) on HST. Both instruments
have spearheaded the characterization of exoplanet atmospheres in the
optical and infrared, allowed for chemical detections in tens of exoplan-
ets, and provided us with key observations to constrain the presence of
clouds and hazes in these alien worlds (see Chapter 1).

WFC3 has provided numerous well-validated indications of the pres-
ence of water vapor (e.g., Deming et al., 2013; Huitson et al., 2013; Man-
dell et al., 2013; Kreidberg et al., 2014b; Sing et al., 2016; Tsiaras et al.,
2019; Benneke et al., 2019c), and has opened the field to population stud-
ies looking at H2O abundance and metallicity as a function of stellar and
planetary properties (e.g., Madhusudhan et al., 2014b; Sing et al., 2016;
Tsiaras et al., 2018; Barstow et al., 2017; Fisher & Heng, 2018; Pinhas et al.,
2019, see also Chapter 3). Additionally, the upgraded STIS instrument HST STIS gratings.

G430L:
∼ 0.3–0.6 µm
G750L:
∼ 0.5–1.0 µm.

has been key for detecting the absorption signatures of alkali metals and
demonstrating the critical role that clouds and aerosols play in transmis-
sion spectra (e.g., Pont et al., 2013; Nikolov et al., 2014; Sing et al., 2016;
Carter et al., 2020). Besides HST, the Spitzer Space Telescope with its
Infrared Array Camera (IRAC) in its 3.6 and 4.5 µm photometric chan-
nels has been key for determining the transit depth of many exoplanets
beyond the wavelength limits of HST (e.g., Beaulieu et al., 2008; Désert
et al., 2009, 2011a; Baxter et al., 2021), and has enabled tantalizing infer-
ences for what may be signatures of Mie-scattering and absorption due
to carbon bearing species in some exoplanet atmospheres (e.g., Benneke
et al., 2019b; Spake et al., 2021). Beyond the facilities already mentioned,
recent studies have supplemented their observations with photometry
from the the Keppler/K2 Space Telescope (∼ 0.4–0.9 µm) or the recently
launched Transiting Exoplanet Survey Satellite (TESS, ∼ 0.6–1.0 µm) to
better inform the baseline of their spectra (e.g., Benneke et al., 2019c;
Chachan et al., 2020; Spake et al., 2021).

175
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From hot Jupiters to mini Neptunes, the above space-based observato-
ries have changed the way we think about exoplanet atmospheres. More-
over, at the dawn of what will be a new era for space telescopes with
the imminent launch of the James Webb Space Telescope (JWST), exist-
ing space-based observatories have been essential to lay the groundwork
towards characterization of exoplanets with high-precision spectra. The
increasing data quality in recent years demands rigorous and credible
atmospheric modeling to maximize the scientific output from these ar-
duous observational efforts. Therefore, exploring the advantages and
limitations of our atmospheric models and the inferences they enable is
paramount. Moreover, we can begin to explore the influence of instru-
mental systematics (e.g., instrumental offsets, overestimated data preci-
sion) on the inferred atmospheric properties to better analyze current
and upcoming data.

In this chapter1, we present part of the collaborative work we have
performed to interpret exoplanetary transmission spectra obtained with
space-based facilities using atmospheric retrievals. The contents of this
chapter are based on the published works of Madhusudhan et al. (2020);
Colón et al. (2020), and Sheppard et al. (2021). We begin this chapter by
describing the configuration of our atmospheric retrieval framework in
Section 7.1. Then, we present in Section 7.2 the atmospheric retrieval of
the transmission spectrum of K2-18b, a temperate mini Neptune. Next,
in Section 7.3 we present the atmospheric retrieval of KELT-11b, an in-
flated sub-Saturn-mass exoplanet with an unusual transmission spec-
trum. Lastly, we present in Section 7.4 the analysis of the transmission
spectrum of HAT-P-41b, a hot Jupiter with what may be a metal-rich
atmosphere. We summarize our results and discuss their implications in
Section 7.5.

7.1 atmospheric retrieval configuration

We analyze the transmission spectra of K2-18b, KELT-11b, and HAT-P-
41b using an adaptation of the retrieval code AURA (Pinhas et al., 2018)
as described in Chapter 6. Here we briefly recapitulate the characteristics

1 The contents of this chapter are based on the published work of Madhusudhan et al.
(2020); Colón et al. (2020), and Sheppard et al. (2021). As explained in Section 7.1 the
retrieval framework used in this work is an adaptation of AURA (Pinhas et al., 2018) de-
veloped in Prof. Nikku Madhusudhan’s research group. The data analysis and reduction
that produced the spectra interpreted in this chapter was conducted by the co-authors
in the respective published works. These co-authors additionally contributed to the text
and figure preparation for the manuscripts from which the content in this chapter is
derived.
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of our retrieval framework. The atmospheric model calculates the transit
depth of a planet by computing line by line radiative transfer in a trans-
mission geometry. We consider a one-dimensional atmosphere divided
into 100 layers uniformly spaced in log10(P) from 10−6 to 102 bar un-
der hydrostatic equilibrium. The parametric pressure-temperature (P–T )
profile follows the prescription of Madhusudhan & Seager (2009), and
the presence of inhomogeneous clouds and hazes follows the paramet-
ric prescription of MacDonald & Madhusudhan (2017a), as employed
in Welbanks & Madhusudhan (2019, Chapter 2) and described in Chap-
ter 6, Section 6.1. The retrievals, unless stated otherwise, consider the
reference pressure (Pref) at an assumed radius Rp as a free parameter.

As in the previous Chapter, the sources of opacity considered in our re-
trieval framework correspond to molecules and atomic species expected
in exoplanet atmospheres (Madhusudhan, 2012; Madhusudhan et al.,
2016). The models for all three planets consider H2-H2 and H2-He colli-
sion induced absorption (CIA; Richard et al., 2012), H2O (Rothman et al.,
2010), CH4 (Yurchenko & Tennyson, 2014), NH3 (Yurchenko et al., 2011),
HCN (Barber et al., 2014), and CO2 (Rothman et al., 2010). The mod-
els for KELT-11b and HAT-P-41b consider additional sources of opacity
expected in hotter exoplanets: Na (Allard et al., 2019), K (Allard et al.,
2016), CO (Rothman et al., 2010), TiO (Schwenke, 1998), AlO (Patrascu
et al., 2015), and VO (McKemmish et al., 2016). The opacities for the
chemical species in this chapter are obtained from Gandhi & Madhusud-
han (2017) with the updated values of Gandhi & Madhusudhan (2018)
where available. The H2-broadened Na and K cross sections were com-
puted following the methods described in Chapter 3.

Specific model considerations were included for each of the planets in
this work. The retrieval configuration in the analysis of the spectrum of
K2-18b considers four different cloud and haze model configurations2:
(1) a full model including inhomogeneous clouds and hazes, (2) a clear
atmosphere (i.e., no clouds or hazes), (3) an atmosphere with an opaque
cloud deck but no hazes, and (4) an atmosphere with inhomogeneous
clouds but no hazes. Model 3 is achieved by neglecting the contribution
of hazes in the prescription of MacDonald & Madhusudhan (2017a), ren-
dering a prescription similar to that of Line & Parmentier (2016). On the
other hand, model 4 is achieved by neglecting the inhomogeneous cloud
fraction parameter in model 3, and renders a prescription similar to that
implemented in Benneke et al. (2019c).

2 These model configurations can be achieved using the generalized cloud and haze pre-
scription introduced in Chapter 4.
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The retrievals for KELT-11b consider the possibility of an error-bar
inflation free parameter (e.g., Foreman-Mackey et al., 2013). Using this
approach, it is assumed that the variance is underestimated and can be
expressed as

S2 = σ2
obs + f2∆2

mod (32)

where σobs is the error in the observations and ∆mod is the model’s tran-
sit depth3. Finally, the retrievals for KELT-11b and HAT-P-41b allow for
instrumental offsets in the data. This instrumental offset is applied to the
observations from one or more telescope instruments relative to a fixed
reference, usually another set of observations from a different instru-
ment. These offsets are applied using Gaussian or uniform priors. For
all the retrievals discussed above, the Bayesian parameter estimation is
conducted using the nested sampling algorithm MultiNest (Feroz et al.,
2009), through PyMultiNest (Buchner et al., 2014).

7.2 the habitable zone exoplanet k2-18b

Two factors mentioned in Chapter 1, namely the M-dwarf opportunity
(e.g., Scalo et al., 2007; Charbonneau & Deming, 2007) and the high oc-
currence rates of low-mass planets orbiting M-dwarf hosts (Dressing &
Charbonneau, 2015; Mulders et al., 2015), have allowed for detections of
sub-Neptune-mass exoplanets in the habitable-zones of their host stars.
A recent particularly good example is the habitable-zone transiting ex-
oplanet K2-18b (Montet et al., 2015; Foreman-Mackey et al., 2015). The
brightness and small size of its host star make precise measurements
of the planetary mass, radius, and atmospheric spectra viable (Benneke
et al., 2017; Cloutier et al., 2019), as exemplified by the recent detection of
H2O in its atmosphere (Tsiaras et al., 2019; Benneke et al., 2019c). Given
its mass (8.63 ± 1.35 M⊕, Cloutier et al. 2019) and radius (2.610 ± 0.087
R⊕, Benneke et al. 2019c), K2-18b has a bulk density of 2.67+0.52

−0.47 g/cm3

(Benneke et al., 2019c). This density, between that of Earth and Neptune,
may be thought to preclude a purely rocky or icy interior and require a
hydrogen-rich outer envelope.

Here we report the atmospheric retrieval of the broadband transmis-
sion spectrum reported by Benneke et al. (2019c) as presented in Mad-
husudhan et al. (2020). This analysis is different from that presented in

3 This noise treatment is also described in Chapter 4.
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Chapter 3 as the observations employed here correspond to the revised
work of Benneke et al. (2019c) and not those of Benneke et al. (2019a)
used in Welbanks et al. (2019). The complete data used in this retrieval
include observations from the HST WFC3 G141 grism (1.1–1.7 µm), pho-
tometry in Spitzer IRAC 3.6 µm and 4.5 µm bands, and optical photom-
etry in the K2 band (0.4–1.0 µm). The atmospheric inferences from the
atmospheric retrieval on the transmission spectrum of K2-18b, alongside
the observed bulk properties of K2-18b (i.e., planetary mass and radius),
were used to investigate mass constraints on different components of
the planetary interior as well as the thermodynamic conditions at the
interface between the atmosphere and interior in Madhusudhan et al.
(2020).

7.2.1 Retrieved Atmospheric Properties

We retrieve the atmospheric properties of K2-18b using the atmospheric
retrieval configuration described in Section 7.1. The full atmospheric
model comprises 16 free parameters: abundances of 5 molecules, 6 pa-
rameters for the P–T profile, 4 cloud/haze parameters, and 1 param-
eter for the reference pressure Pref at Rp. As explained in Section 7.1,
we use four model configurations: (case 1) a full model including inho-
mogeneous clouds and hazes, (case 2) a clear atmosphere, (case 3) an
atmosphere with an opaque cloud deck but no hazes, and (case 4) an
atmosphere with inhomogeneous clouds but no hazes. The summary of
the retrieved atmospheric constraints are shown in Figure 44 and Table
8.

We confirm the high-confidence detection of H2O in a H2-rich atmo-
sphere as reported by Benneke et al. (2019c); Tsiaras et al. (2019), and
Welbanks et al. (2019, see also Chapter 3). Our abundance estimates are
consistent to within 1σ between all four model configurations and with
Benneke et al. (2019c). The derived H2O volume mixing ratio ranges
between 0.02–14.80%, with median values of 0.7–1.6% between the 4

model cases, as shown in Table 8. The case with an opaque cloud deck
(a clear atmosphere) retrieves slightly higher (lower) H2O abundances
as expected (Welbanks & Madhusudhan, 2019, see also Chapter 2). Our
derived H2O abundance range corresponds to an O/H ratio of 0.2–
176.8 × solar, assuming all the oxygen is in H2O as expected in H2-rich
atmospheres at such low temperatures (Burrows & Sharp, 1999). The
median H2O abundance is 9.3 × solar for the full model, case 1. We can-
not compare our results with Tsiaras et al. (2019) as their retrievals were
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Figure 44 Atmospheric retrieval from the transmission spectrum of K2-
18b. Top: observations (green) and retrieved model spectra for the four
different model considerations in Table 8. Shaded regions represent 1σ
and 2σ confidence intervals for the full model, with yellow points show-
ing the model binned to the data resolution. The observations were
adopted from Benneke et al. (2019c). Bottom: posterior distributions for
the retrieved volume mixing ratios of H2O, CH4, and NH3. The 99% up-
per limits for the full model on CH4 and NH3 are shown by the arrows
and dashed lines. Equilibrium solar values are shown by solid black
lines.

based on only the HST WFC3 data and used older measurements of the
planetary mass and radius which could have biased their inferences.

We find a depletion of CH4 and NH3 in the atmosphere. For a H2-
rich atmosphere at ∼ 300 K, CH4 and NH3 are expected to be dominant
carriers of carbon and nitrogen, respectively, in chemical equilibrium
(Burrows & Sharp, 1999), as also seen for the gas and ice giants in the
solar system (Atreya et al., 2018). Assuming solar elemental ratios (i.e.,
C/O = 0.55, N/O= 0.14), the CH4/H2O (NH3/H2O) ratio is expected
to be ∼ 0.5 (∼ 0.1). However, we do not detect CH4 or NH3 despite
their strong absorption in the HST WFC3 and/or Spitzer 3.6 µm bands.
As shown in Figure 44, the retrieved posteriors of the CH4 and NH3

abundances are largely sub-solar, with 99% upper limits of 3.47× 10−2

and 5.75× 10−5, respectively. These sub-solar values are in contrast to
the largely super-solar H2O, arguing against chemical equilibrium at
solar elemental ratios.
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Table 8 Retrieved Atmospheric Properties from the Transmission Spec-
trum of K2-18b.

model log10 (XH2O ) log10 (XCH4
) log10 (XNH3

) ln(Z) detection

of ref .

Case 1 −2.11+1.06
−1.19 −8.20+2.53

−2.34 −8.64+2.15
−2.06 179.15 Reference

No H2O N/A −1.11+0.53
−1.22 −7.27+2.91

−2.92 175.30 3.25

Case 2 −2.18+1.35
−1.44 −8.27+2.59

−2.42 −8.60+2.19
−2.16 179.05 1.20

Case 3 −1.80+0.81
−1.22 −8.13+2.64

−2.41 −8.57+2.30
−2.17 179.09 1.06

Case 4 −2.10+1.07
−1.28 −8.26+2.56

−2.34 −8.61+2.18
−2.10 179.41 N/A

Note. Four model configurations are considered with different treatments of
clouds and hazes (cases 1-4, see Section 7.2.1). For each model, the volume
mixing ratios (log10(XH2O), log10(XCH4

), and log10(XNH3
)) are shown along

with the Bayesian evidence (ln(Z)) and the detection of the reference model
(i.e., detection significance, DS). The DS is derived from the Bayesian evidence
and a value below 2.0σ is considered weak (Trotta, 2008). The preference of
the reference model (case 1) over other models is quantified by the DS. For
example, the DS for case 2 implies that case 1 is preferred over case 2 at 1.2σ.
H2O is detected at 3.25σ and clouds/hazes at only ∼ 1σ.

We do not find strong evidence for clouds/hazes in the atmosphere.
Our model preference for clouds/hazes, relative to the cloud-free case, is
marginal (1.2σ) compared to Benneke et al. (2019c, 2.6σ). Our retrieved
cloud top pressure (Pc) for the full case is weakly constrained to 0.1
mbar to 2 bar, close to the observable photosphere. Finally, we retrieve
Pref for the full case to be 12–174 mbar corresponding to Rp. We discuss
the implications of these atmospheric constraints in Section 7.5.

7.3 the inflated sub-saturn kelt-11b

In this section, we present the atmospheric retrieval on the spectro-
photometric observations of KELT-11b to constrain its atmospheric prop-
erties at the day-night terminator. KELT-11b has a mass of 0.171±0.015MJ

and a radius of 1.35± 0.10 RJ, making it extremely inflated and giving
it one of the lowest surface gravities of any planet discovered to date
(Beatty et al., 2017; Pepper et al., 2017). With a period of 4.74 days, KELT-
11b also has a high equilibrium temperature (Teq. = 1712+51

−46 K, Pep-
per et al., 2017). This planet is notably part of an emerging population
of low surface gravity sub-Saturn-mass exoplanets, also called “inflated
sub-Saturns”, that are ideal targets for atmospheric characterization via
transmission spectroscopy. Other notable planets in this population in-
clude WASP-39b (Faedi et al., 2011), WASP-107b (Anderson et al., 2017),
and WASP-127b (Lam et al., 2017). These other notable planets have been
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characterized in Chapter 3 and Chapter 6, leaving KELT-11b as one of
the remaining inflated sub-Saturns to be explored in this dissertation.

7.3.1 Observations

To add to the above described sample of well-characterized inflated ex-
oplanets, Colón et al. (2020) undertook an investigation of the atmo-
sphere of the inflated sub-Saturn KELT-11b using observations from
HST, Spitzer, and TESS. The spectro-photometric observations interpreted
with our atmospheric retrieval come from:

• A single transit of KELT-11b with HST/WFC3 on UT 2018 April
18 between 04 : 10 UT and 17 : 35 UT as part of the HST Program
GO 15255 (Co-PIs K. Colón and L. Kreidberg). The observations
spanned 9 HST orbits.

• A single transit of KELT-11b previously observed with Spitzer/IRAC
Channel 1 (3.6 µm) starting on UT 2016 April 4 as part of Spitzer Pro-
gram GO 12096 (PI: T. Beatty)

• Observations of KELT-11 by TESS for approximately 27 days in
Sector 9 (UT 2019 February 28 to UT 2019 March 26). Five complete
transits and one partial transit of KELT-11b were observed in that
time.

The reduction and analysis of the above observations was conducted by
other co-authors in Colón et al. (2020), where additional details about
the observations, data reduction, and light curve analyses are available.
Below we present our contribution to the work of Colón et al. (2020); the
interpretation of these observations using atmospheric retrievals.

7.3.2 Retrieved Atmospheric Properties

We retrieve the atmospheric properties of KELT-11b employing models
with different degrees of complexity with the retrieval configuration ex-
plained in Section 7.1. We begin by performing an initial exploratory re-
trieval considering absorption due to all the species listed in Section 7.1,
inhomogeneous clouds and hazes, and a parametric P–T profile. This ex-
ploratory retrieval helps indicate the parameters and species that ought
to be considered in the fiducial model and helps assess which chemi-
cal species may be present in the transmission spectrum of KELT-11b.
We opt for this approach to avoid over-fitting the data and including
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Figure 45 Retrieved transmission spectrum of KELT-11b for the fidu-
cial 17 parameter model. The retrieved median transmission spectrum is
shown in red with 1σ and 2σ contours shown in purple shaded regions.
TESS, HST/WFC3, and Spitzer observations are shown using blue mark-
ers. The best fit model has a χ2 of 29.97 for six degrees of freedom. The
p value is 3.98× 10−5 and the BIC is 83.27.

more parameters than there are observations. We determine a fiducial
model that considers absorption due to H2O, Na, K, HCN, AlO, and
TiO, six parameters for the P–T profile, one parameter for the reference
pressure (Pref) at the radius of the planet Rp, and four parameters for
clouds/hazes. This model with 17 free parameters is used to retrieve the
atmospheric properties of KELT-11b using the complete transmission
spectrum comprising of the TESS optical, HST/WFC3 near-infrared, and
Spitzer infrared observations; a total of 23 spectral points.

The retrieved model and observations are shown in Figure 45. The
posterior distributions for the constrained chemical species, tempera-
ture at the top of the atmosphere (T0), and cloud parameters are shown
in Figure 61 in Appendix E. The retrieval finds a strong detection of
H2O at 3.6σ with an abundance of log10(XH2O) = −4.03+0.43

−0.53 and indi-
cations of HCN at 2.7σ with an abundance of log10(XHCN) = −3.84+0.45

−0.56

based on the HST/WFC3 transmission spectrum. The bluest part of the
transmission spectrum and higher transit depth of the TESS data point
relative to the HST/WFC3 observations are preferentially explained by
AlO or TiO, at 2σ and 0.9σ, respectively. The retrieved abundances are
log10(XAlO) = −7.64+0.71

−0.90 and log10(XTiO) = −6.75+0.78
−1.53.

Our fiducial model does not find strong constraints on the P–T profile
of the atmosphere of KELT-11b or the presence of clouds and hazes. We
retrieve a temperature near the photosphere at 100 mbar of T

100 mbar =

1982+341
−184 K. Replacing the parametric P–T profile for an isothermal pro-
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file in our fiducial model results in a decrease in model evidence equiv-
alent to 1.5σ. Similarly, removing inhomogenous clouds and hazes from
our model in favor of a clear atmosphere results in a decrease of the
model evidence equivalent to a 1.8σ level. Neither decrease in model
evidence is significant enough to robustly claim constraints on the P–T
profile or the presence of clouds and hazes nor can they be confidently
ruled out.

To further consider the robustness of these inferences, we consider
the possibility of an error-bar inflation free parameter as explained in
Section 7.1. Following this approach results in an increase in model ev-
idence relative to our fiducial model equivalent to a 1.6σ level. This
means that the additional parameter is preferred at 1.6σ. The best fit
model results in a χ2 of 23.40 for 5 degrees of freedom compared to the
χ2 of 29.97 for 6 degrees of freedom in the fiducial model. The p value is
2.83× 10−4 and the BIC is 79.84, while for the fiducial model the p value
is 3.98 × 10−5 and the BIC is 83.27. The retrieved value for the error-
inflation factor is log10(f) = −1.93+0.12

−0.11. While considering the possibil-
ity of an error-bar inflation factor results in better fits to the data, the in-
ferred H2O and HCN abundances are still consistent with those from the
fiducial model. The retrieved abundances are log10(XH2O)= −4.49+0.63

−0.84

and log10(XHCN)= −4.62+0.94
−3.95. When considering the error-bar inflation

factor, H2O and HCN are still preferred by the model at a 3.1σ detection
and 1.7σ inference, respectively. On the other hand, AlO and TiO are not
preferred by the model. In the error-bar inflation model, the higher tran-
sit depth of the TESS data point can be explained by any of the species
with signatures in the optical, namely Na, K, TiO, AlO, with no species
being strongly preferred over other.

We perform an additional set of retrievals on the complete transmis-
sion spectrum of KELT-11b considering the possibility of instrumen-
tal vertical offsets. We include two additional free parameters corre-
sponding to possible offsets in transit depth in the TESS optical and
HST/WFC3 near-infrared bands relative to the Spitzer infrared bands.
We consider two treatments for the prior on the offsets – uniform and
Gaussian priors. One set of retrievals considers a uniform prior on each
offset ranging between [−80,80] ppm. Another set of retrievals assume
the prior distribution to be a Gaussian centered on zero with a standard
deviation (σ) of 80 ppm. A possible unaccounted shift of 80 ppm or
higher is both generous and unlikely considering 80 ppm is ∼ 1.5× the
precision of the TESS observations and ≳ 3× the average precision of the
HST observations. When considering these possible offsets, our results
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remain mostly unchanged with molecular abundances consistent with
those obtained using the fiducial model. The presence of vertical offsets
results in slightly better constraints on the abundance of TiO. On the
other hand, the retrieved H2O abundances remain unchanged. These
results suggest that the retrieved molecular abundances using the fidu-
cial model are robust against possible instrumental offsets and that our
reported TiO abundance is a conservative estimate.

7.3.2.1 Analysis of the HST/WFC3 Transmission Spectrum

We further investigate the inferred chemical abundances and detections
in KELT-11b when considering the HST/WFC3 observations alone. We
perform a retrieval on the HST/WFC3 transmission spectrum using
the same 17 parameter fiducial model described above. The retrieved
transmission spectrum is shown in Figure 46. This retrieval confirms
the strong detection of H2O at a confidence level of 4.6σ with an abun-
dance of log10(XH2O) = −4.01+0.67

−0.98. As in the retrieval of the complete
transmission spectrum, this retrieval also explains the HST/WFC3 ob-
servations with HCN absorption at a preference level of 2.5σ and with
an abundance of log10(XHCN) = −3.84+0.69

−1.01. In contrast to the retrieval
using the complete set of observations, this retrieval prefers TiO over
AlO to explain the bluest spectral points in the HST/WFC3 observations.
The retrieved TiO abundance is log10(XTiO) = −5.91+0.73

−1.06 at a detection
significance of 2.9σ. On the other hand, the retrieved AlO abundance
is log10(XAlO) = −8.65+1.43

−1.91. When using the HST/WFC3 observations
only, removing AlO from the model results in an increase in model
evidence indicating absorption due to this species is not preferred by
the data. The cloud/hazes parameters and the temperature profile re-
main mostly unconstrained, with a retrieved temperature at 100 mbar
of T

100 mbar = 1959+242
−157 K. The posterior distributions for the relevant

parameters are shown in Appendix E, Figure 62.
Similarly to our analysis of the full transmission spectrum, we con-

sider the possibility of underestimated error bars by retrieving an error-
bar inflation parameter on the HST/WFC3 observations only. This ap-
proach retrieves an error-bar inflation factor of log10(f) = −2.07+0.14

−0.16

and abundances of log10(XH2O)= −4.73+1.13
−1.51, log10(XHCN)= −4.52+1.15

−4.17,
log10(XTiO)= −7.24+1.75

−1.93, and log10(XAlO) = −9.86+1.93
−1.27, consistent with

the non-inflated error-bar approach. Considering the error-bar inflation
factor results in a decrease in the model evidence relative to the fidu-
cial model without error-bar inflation comparable to a 2.8σ level. This
means that the additional error-bar inflation is not preferred at a 2.8σ



186 retrieving space-based spectra

1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7
Wavelength (µm)

0.19

0.20

0.21

0.22

0.23

T
ra

n
si

t
D

e
p

th
(%

)

Retrieved Model Smoothed 1σ 2σ

Figure 46 Retrieved transmission spectrum of KELT-11b for the 17 pa-
rameter fiducial model using HST/WFC3 observations only. The re-
trieved median transmission spectrum is shown in red with 1σ and 2σ

contours shown in purple shaded regions. HST/WFC3 observations are
shown using blue markers. The best fit model has a χ2 of 23.28 for four
degrees of freedom. The p value is 1.11× 10−4 and the BIC is 75.03.

level. Similarly, this approach does not result in a better fit to the data by
some frequentist metrics. The best fit model goes from a χ2 of 23.28 for
four degrees of freedom in the non-inflated error-bar approach to a χ2 of
20.42 for three degrees of freedom when considering error-bar inflation.
The p value and BIC go from 1.11× 10−4 and 75.03, respectively, in the
non-inflated error-bar approach to 1.39× 10−4 and 75.22 when fitting for
an error-bar inflation parameter.

Lastly, given that current observations do not place strong constraints
on the P–T profile or cloud and haze cover in the atmosphere of KELT-
11b, we investigate the effects of considering a simpler model in the
retrieved abundance estimates using the HST/WFC3 observations only.
We retrieve the atmospheric properties of KELT-11b using an isothermal
P–T profile, a clear atmosphere, and considering absorption due to H2O,
HCN, and TiO. This retrieval results in abundances of log10(XH2O)=
−6.18+0.13

−0.12, log10(XHCN)= −6.65+0.53
−3.20, and log10(XTiO)= −7.96+0.33

−0.27. While
the median H2O abundance is lower than that retrieved under different
model considerations, the retrieved value is consistent with the estimates
above. The abundances of HCN and TiO are also consistent with the
estimates from the different model configurations. The TiO abundance
is tightly over-constrained under these simplified considerations. The
retrieved isothermal temperature is consistent with previous estimates
with a value of T = 1867+93

−152 K. The retrieved transmission spectrum is
shown in Figure 47, while the posterior distributions are shown in Fig-
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Figure 47 Retrieved transmission spectrum of KELT-11b for an isother-
mal and clear atmosphere with limited absorbers using HST/WFC3 ob-
servations only. The retrieved median transmission spectrum is shown
in red with 1σ and 2σ contours shown in purple shaded regions.
HST/WFC3 observations are shown using blue markers. The best fit
model has a χ2 of 28.85 for 16 degrees of freedom. The p value is
2.50× 10−2 and the BIC is 44.07.

ure 63 in Appendix E. The reduced number of parameters results in a
larger number of degrees of freedom, which in turn translates to a bet-
ter fit by frequentist metrics. The best fit model has a χ2 of 28.85 for 16

degrees of freedom. The p value is 2.50× 10−2 and the BIC is 44.07.
We use these retrieved model parameters to produce a contribution

plot. Figure 48 shows the contribution of H2O, HCN, and TiO to ex-
plain the HST/WFC3 observations using the retrieved median values
from the simplified model above. The red curve in Figure 48 shows the
contribution to the transmission spectrum of all three species. The blue,
orange, and green curves show the model without the contribution of
H2O, HCN, and TiO respectively. In olive, we show the contribution due
to H2-H2 and H2-He CIA. From this figure, it can be seen that the H2O
contribution to the model is used to fit the spectral feature at ∼ 1.4 µm.
On the other hand, the red-most part of the transmission spectrum at
≳ 1.5 µm is unusually flat (compared to typical transmission spectra;
e.g., Iyer et al. 2016; Tsiaras et al. 2018) and is explained by HCN and
CIA. The blue-most part of the transmission spectrum is being fit by
absorption due to TiO.

For completion, we run one more retrieval considering the error-bar
inflation parameter on the simplified model using the HST/WFC3 ob-
servations only. The retrieved chemical abundances are consistent with
the non-inflated error-bar model. These are log10(XH2O) = −6.18+0.14

−0.12,
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Figure 48 Contribution plot for the simplified, five-parameter model on
the HST/WFC3 observations. The red line shows a forward model with
the median retrieved parameters. The blue, orange, green, and olive lines
line shows the model without the contribution of H2O, HCN, TiO, and
H2-H2 and H2-He CIA. HST/WFC3 observations are shown using blue
markers.

log10(XHCN) = −6.79+0.62
−3.04, and log10(XTiO)= −8.01+0.31

−0.33. The retrieved
error-bar inflation factor is log10(f) = −3.41+1.35

−4.17. Following this ap-
proach results in an even better fit by frequentist metrics. The best fit
model has a χ2 of 18.66 for 15 degrees of freedom. The p value is
2.30 × 10−1 and the BIC is 36.92. The model evidence for the model
with error-bar inflation is slightly smaller, ∼ 1σ level, than that of the
model without error-bar inflation. This decrease in model evidence indi-
cates that the use of the additional error-bar inflation parameter is not
preferred from a Bayesian perspective. We note that in this particular
case while the inclusion of error inflation results in better fits to the
data, i.e., better χ2 due to larger uncertainties on the data, the precision
on the retrieved abundance is not highly affected. This is due to the
use of simplified isothermal and cloud-free models on WFC3 data only
that result in lower abundance estimates with small uncertainties (see
e.g., Welbanks & Madhusudhan, 2019, Chapter 2). We present in Table 9

a summary of the retrieved atmospheric properties of KELT-11b using
models without instrumental offsets. The retrieved atmospheric proper-
ties of KELT-11b for models considering instrumental offsets are shown
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in Table 18 in Appendix E. We comment on the possible implications of
the retrieved properties of KELT-11b in Section 7.5.

Table 9 Summary of Retrievals for KELT-11b Without Instrumental Off-
sets.

Scenario Abundance Constraint D.O.F. χ2 p value BIC

Full Model
All Data

log10(XH2O) = −4.03+0.43
−0.53

log10(XHCN) = −3.84+0.45
−0.56

log10(XTiO) = −6.75+0.78
−1.53

log10(XAlO)= −7.64+0.71
−0.90

6 29.97 3.98× 10−5 83.27

Full Model
All Data

Error Inflation
log10(XH2O) = −4.49+0.63

−0.84

log10(XHCN) = −4.62+0.94
−3.95

5 23.40 2.83× 10−4 79.84

Full Model
WFC3 Only

log10(XH2O) = −4.01+0.67
−0.98

log10(XHCN) = −3.84+0.69
−1.01

log10(XTiO) = −5.91+0.73
−1.06

log10(XAlO) = −8.65+1.43
−1.91

4 23.28 1.11× 10−4 75.03

Full Model
WFC3 Only

Error Inflation

log10(XH2O) = −4.73+1.13
−1.51

log10(XHCN) = −4.52+1.15
−4.17

log10(XTiO) = −7.24+1.75
−1.93

log10(XAlO) = −9.86+1.93
−1.27

3 20.42 1.39× 10−4 75.22

Simple Model
WFC3 Only

log10(XH2O) = −6.18+0.13
−0.12

log10(XHCN) = −6.65+0.53
−3.20

log10(XTiO) = −7.96+0.33
−0.27

16 28.85 2.50× 10−2 44.07

Simple Model
WFC3 Only

Error Inflation

log10(XH2O) = −6.18+0.14
−0.12

log10(XHCN) = −6.79+0.62
−3.04

log10(XTiO) = −8.01+0.31
−0.33

15 18.66 2.30× 10−1 36.92

Note. There are 23 data-points in the complete transmission spectrum
(TESS+HST+Spitzer) and 21 in the HST transmission spectrum. For reference, so-
lar abundances at 12 mbar and 1730 K from self-consistent models in Colón et al.
(2020) are: log10(XH2O) = −3.44, log10(XHCN) = −9.62, log10(XTiO) = −11.63,
log10(XAlO) < −14. The (uninflated) retrievals tend to produce χ2/Ndata between
1.1–1.3. The median retrieved H2O abundances are sub-solar (∼ 0.002–0.3 × solar) while
the median HCN, TiO, and AlO abundances are far out of equilibrium when compared
to the expected values using self-consistent models from Colón et al. (2020). Retrieved
values for the models considering vertical offsets are shown in Table 18 in Appendix E.
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7.4 the inflated hot jupiter hat-p-41b

Discovered in 2012, HAT-P-41b is among the most inflated hot Jupiters
known to date (R = 1.69 RJ, M = 0.8 MJ, Hartman et al., 2012). This
exoplanet orbits an F-star every ∼ 2.7 days, making of HAT-P-41b a
highly irradiated Jupiter-sized exoplanet with an equilibrium tempera-
ture of Teq. ≈ 1940 K (Hartman et al., 2012)4. As a member of the rapidly
growing family of hot Jupiters with transmission spectra (e.g., Tsiaras
et al., 2018; Sing et al., 2016), HAT-P-41b may offer important insights
for population studies exploring trends in atmospheric metallicity as a
function of planetary mass (e.g., Kreidberg et al., 2014b; Madhusudhan
et al., 2014b; Sing et al., 2016; Tsiaras et al., 2018; Barstow et al., 2017;
Pinhas et al., 2019; Welbanks et al., 2019, see Chapter 3). Particularly,
with a radius close to that of the canonical hot Jupiter HD 209458 b,
the atmospheric metallicity of HAT-P-41b may be informative of planet
formation models for close-in Jupiter-sized planets. In this section we
perform an atmospheric retrieval to interpret the day-night terminator
atmospheric properties of HAT-P-41b from its transit spectrum using the
transit observations from HST/STIS, HST/WFC3, and Spitzer presented
in Sheppard et al. (2021).

7.4.1 Observations

The work of Sheppard et al. (2021) presents the 0.3–5.0 µm transmis-
sion spectrum of HAT-P-41b using transit observations from HST/STIS,
HST/WFC3, and Spitzer. The HST/STIS G430L and G750L observations
were taken as part of the Panchromatic Comparative Exoplanet Treasury
(PanCET) Treasury Program (GO 14767; PIs: Sing and López-Morales).
The HST/WFC3 G141 spectrum presented is a re-analysis of the ob-
servations form the same program. Additionally, Sheppard et al. (2021)
present an independent Spitzer IRAC1 and IRAC2 transit depth deter-
mination (Program 13044; PI D. Deming). The WFC3 observations were
taken on October 16, 2016. Then, the STIS data were acquired on Septem-
ber 4, 2017 (G430L); May 7, 2018 (G430L); and June 11, 2018 (G750L). For
each visit, the target was observed for 7 hours over five consecutive HST
orbits. Lastly, the Spitzer observations were taken in January and Febru-
ary 2017. A complete description of the data analysis and reduction is

4 While here we quote the system parameters for HAT-P-41b from the discovery paper
(Hartman et al., 2012), our atmospheric retrieval uses as input parameters those revised
and presented in Sheppard et al. (2021). The revised values are Rp = 1.65 RJ, Mp =
0.76 MJ, Teq. ≈ 1960 K, Rs = 1.65R⊙, Teff = 6480 K.
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available in Sheppard et al. (2021). Here, we present the atmospheric
retrieval on their final transmission spectrum.

7.4.2 Retrieved Atmospheric Properties

We perform a series of atmospheric retrievals on the STIS, WFC3 and
Spitzer data of HAT-P-41b to constrain the atmospheric properties at
the day-night terminator of the planet. First, we consider the presence
of different chemical species in the atmosphere of HAT-P-41b using its
full broadband spectrum. Next, we consider the presence of possible
transit depth offsets between data sets and their possible impact in the
derived chemical abundances and associated metallicities.

7.4.2.1 Evidence of H2O and Indications of Optical-wavelength Absorbers

We perform a full retrieval on the broadband spectrum of HAT-P-41b
and present the observations and retrieved median spectrum in Fig-
ure 49. The full retrieval provides constraints on the presence of H2O,
and provides indications for the presence of Na and/or AlO in the op-
tical. The full retrieval finds log10(XH2O) = −1.65+0.39

−0.55, log10(XNa) =

−3.09+1.03
−1.83, and log10(XAlO) = −6.44+0.66

−0.91. The atmospheric retrieval
does not favor, by means of a model comparison described below, the
presence of TiO absorption in the atmosphere of HAT-P-41b. The re-
trieved molecular abundance of TiO is log10(XTiO) = −9.58+1.37

−1.50. While
the cloud/haze parameters are not tightly constrained, our retrieval in-
dicate a cover of ϕ̄ = 0.25+0.26

−0.16 consistent with a mostly clear atmo-
sphere. The temperature profile of the atmosphere is mostly uncon-
strained. We infer the temperature near the photosphere, at 100 mbar,
to be T

100 mbar = 1345+349
−206 K. The posterior distributions for the relevant

parameters are shown in Figure 64 in Appendix E.
We utilize this full retrieval as a reference model to perform a Bayesian

analysis and assess the impact of not considering some of these param-
eters in the models. This change in model evidence is then converted
to a detection significance (DS) following Benneke & Seager (2013)5. Ta-
ble 10 shows the different models considered, their model evidence, DS,
and χ̄2. We find a robust detection of H2O at a 4.89σ confidence. The
presence of Na and/or AlO remain as moderate indications with confi-
dence levels of 2.09σ and 2.58σ, respectively. The removal of TiO from
the models results in an increase in the model evidence, indicating a

5 The conversion of a change in model evidence to a detection significance is explained
in more detail in Chapter 4
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Figure 49 Retrieved spectrum of HAT-P-41b using STIS, WFC3 and
Spitzer data. Observations are shown using blue markers. The retrieved
median spectrum is shown in red while the 1σ and 2σ regions are shown
using the shaded purple areas.

disfavor for this molecule to be present in our models. We assess the
retrieved H2O abundance relative to expectations from thermochemi-
cal equilibrium for solar elemental compositions (Asplund et al., 2009).
Assuming a solar composition and that half of the available oxygen is
in H2O, the retrieved H2O abundance corresponds to a metallicity ∼ 15–
131 × solar with a median of ∼ 53 × solar. We also compare the retrieved
H2O abundance to the stellar metallicity of the host star ([O/H]= 0.37)
to obtain a value of ∼ 6–56 × stellar with a median of ∼ 23 × stellar.

We consider the possibility of fitting the data using a simpler model
consisting mainly of the parameters that are reasonably constrained by
the full model. The simpler model considers the chemical abundances of
H2O, Na, CO, AlO, an isothermal P–T profile, and a clear atmosphere.
The retrieved median fit and confidence contours are shown in Figure 50.
The simplified model retrieves values consistent with the full model. The
retrieved values are log10(XH2O) = −1.65+0.40

−0.63, log10(XNa) = −2.60+0.94
−1.10

and log10(XAlO) = −5.81+0.51
−0.66. The retrieved isothermal temperature is

T = 1120+170
−140 and consistent with the inferred temperature at 100 mbar

from the full retrieval. The retrieved H2O abundance corresponds to a
metallicity ∼ 12–134 × solar with a median of ∼ 53 × solar, or ∼ 5–
57 × stellar with a median of ∼ 23 × stellar. The posterior distribution
for the retrieved parameters is shown in Appendix E, Figure 65.

We use these retrieved parameters to generate a set of forward mod-
els to assess the spectroscopic contribution from each chemical species.
Figure 50 shows that the WFC3 observations are better explained by the
H2O absorption feature at ∼ 1.4 µm driving its strong detection in the
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Figure 50 Retrieval of HAT-P-41b using a simplified model. Observations
are shown using blue markers. The retrieved median spectrum is shown
in red while the 1σ and 2σ regions are shown using the shaded purple
areas. Forward models using the retrieved median parameters show the
contributions to the spectra due to individual chemical species. The for-
ward models shown exclude absorption due to H2O (blue), Na (orange),
CO (cyan), and AlO (brown).

spectrum of HAT-P-41b. On the other hand, a series of chemical species
in the optical can provide some degree of fit to the STIS observations. In
the optical, between ∼ 0.5–0.7 µm, the broadened wings of Na along with
its absorption peak provide a fit to observations. AlO provides some fit
to the substructure present in the STIS observations, particularly the in-
creased transit depth between 0.4–0.5 µm. Finally, the abundance of CO
is not constrained, and its contribution to the spectrum is minimal. CO
is responsible for small changes in the optical and infrared that are well
within the error bar of the observations.

Our retrieval analysis of the broadband transmission spectrum of HAT-
P-41b does not require additional opacity sources (e.g., H−) to explain
the data, as recently claimed by Lewis et al. (2020). Our models, with
comparable or less number of free parameters which do not include H−,
provide better fits to the data with better evidence than those in Lewis
et al. (2020) which were used to infer H−. Using our fiducial model,
we obtain a best-fit χ̄2 of 0.93 and ln(Z) = 559.1. The corresponding
values for our simplified model are χ̄2 = 0.89 and ln(Z) = 560.0 (see
Table 10). Their best-fit model across all considerations has χ̄2 = 1.50
and ln(Z) = 478.9.
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7.4.2.2 Possible Offsets in the Data

To explore the robustness of our results, we consider the presence of off-
sets in the data and their effect on the retrieved atmospheric properties.
We consider scenarios in which the STIS observations are affected by
the same offset, meaning this additional retrieved parameter is applied
to both G430L and G750L STIS observations. Additionally, we consider
scenarios in which a separate offset is retrieved for the G430L observa-
tions and the G750L observations. In all scenarios a shift is also allowed
for the HST/WFC3 observations. We note that these retrieved offsets
are relative to the atmospheric model and that the Spitzer observations
remain unchanged in all scenarios. We consider both Gaussian and uni-
form priors. In summary, we consider three scenarios. First, two addi-
tional parameters in our retrieval account for shifts with uniform priors
of [−500,500] ppm on the HST/STIS and HST/WFC3 observations. Sec-
ond, we consider three possible offsets with the same uniform prior
of[−500,500] ppm, one for HST/STIS G430L, one for HST/STIS G750L,
and one for HST/WFC3 data. Third, three shifts with Gaussian priors
are considered, one for one for HST/STIS G430L (centered on zero with
a standard deviation of 105 ppm), one for HST/STIS G750L (centered
on zero with a standard deviation of 85 ppm), and one for HST/WFC3

observations (centered on zero with a standard deviation of 80 ppm).
These Gaussian priors are informed by the analysis of the white light
transit curves of Sheppard et al. (2021).

We present the first scenario accounting for offsets in the HST/STIS
and HST/WFC3 observations using a uniform prior, while keeping the
Spitzer observations unshifted. The retrieval results in a shift in the STIS
data of 90+167

−157 ppm and a shift in the WFC3 data of −204+97
−98 ppm. While

the retrieved value for the STIS observations is consistent with no shift,
the WFC3 observations preferentially retrieve a negative offset. The de-
rived abundances, shown as model 7 in Table 10, are log10(XH2O) =

−3.34+1.00
−0.86, log10(XNa) = −3.43+1.35

−2.19, log10(XAlO) = −6.98+0.77
−0.78. The

H2O abundance corresponds to a metallicity ∼ 0.06–4.66 × stellar, an
estimate lower than that of the full model without instrumental offsets.

Second, we present the results for the case with three uniform shifts
between HST/STIS G430L, HST/STIS G750L, and HST/WFC3 observa-
tions. The retrieved shifts are 1+144

−156 ppm for G430L, 176+151
−160 ppm for

G750L, and −189+91
−94 ppm for WFC3. The retrieved chemical abundances

are shown in Table 10 as model 8 and are log10(XH2O) = −2.96+0.98
−0.88,

log10(XNa) = −2.43+0.84
−1.34, and log10(XAlO) = −7.05+0.75

−0.94. While the re-
trieved abundances for these three species are consistent within 1σ with
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Figure 51 Retrieved spectrum of HAT-P-41b allowing for offsets in the
STIS and WFC3 data sets. Observations are shown using blue markers
and are shifted according to the models’ retrieved median shifts. Re-
trieved median spectrum is shown in red, while the 1σ and 2σ regions
are shown using shaded purple areas. Top: two shifts with uniform pri-
ors (model 7) and retrieved median offsets of ∼ 90 ppm for STIS and
∼ −204 ppm for WFC3. Middle: three shifts with uniform priors (model
8) and retrieved median offsets of ∼ 1 ppm for STIS G430L, ∼ 176 ppm
for G750L, and ∼ −189 ppm for WFC3. Bottom: three shifts with Gaus-
sian priors (model 9) and retrieved median offsets of ∼ −52 ppm for STIS
G430L, ∼ 80 ppm for G750L, and ∼ −91 ppm for WFC3.
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the full unshifted model, the retrieved H2O abundance corresponds to
a lower metallicity estimate of ∼ 0.15–10.67 × stellar.

Last, we present the results of considering the presence of three offsets
with Gaussian priors informed by the analysis of the white-light tran-
sit curves as explained above. The retrieved shifts are −52+61

−63 ppm for
G430L, 80+59

−56 ppm for G750L, and −91+48
−50 ppm for WFC3. The retrieved

abundances are log10(XH2O) = −1.91+0.53
−0.68, log10(XNa) = −2.38+0.81

−1.33,
and log10(XAlO) = −6.64+0.70

−0.96. Although the retrieved H2O abundance
corresponds to a lower metallicity estimate, the derived range of ∼ 3–
42 × stellar is consistent with that of the fiducial model. Figure 51 shows
the retrieved median models and confidence contours along with their
respectively shifted observations for the cases described in this section.

The models considering instrumental shifts are all preferred over the
fiducial model at above the 2σ level. The model with Gaussian priors has
a preference at the 2.9σ level, followed by the model with three uniform
shifts at a 2.8σ level. The model with two uniform shifts is preferred
over the fiducial model at 2.3σ. We note that while both models with
three offsets are similarly preferred over our fiducial model, the asso-
ciated metallicity ranges are different. The model with three uniform
shifts retrieves an H2O abundance corresponding to a metallicity esti-
mate consistent with substellar and stellar values. On the other hand,
the model with Gaussian priors retrieves an associated metallicity range
mostly superstellar and in agreement with the fiducial model. These
results highlight the sensitivity of the inferred metallicity ranges to pos-
sible large offsets between instruments. Model comparisons suggest a
preference for the models considering offsets, though it is inconclusive
between these models. We discuss the implications of these results in
Section 7.5.

7.5 summary and discussion

Undoubtedly, the exploration of exoplanet atmospheres has been steadily
progressing over the last 20 years thanks to the many observational ef-
forts using space-based observatories. Such observations have been con-
stantly pushing the boundaries of what is possible, and have helped the
field move from observations of transiting hot Jupiters (e.g., Charbon-
neau et al., 2002; Sing et al., 2016) to recognizable absorption features in
the atmospheres of mini-Neptunes (e.g., Benneke et al., 2019b; Tsiaras
et al., 2019; Benneke et al., 2019c). Likewise, the precision of some of
these recent observations are pushing the limit of measurement preci-
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sion for HST/WFC3 (e.g., Colón et al., 2020, , who obtain a median un-
certainty of ∼ 16 ppm), perhaps venturing the field into a new realm of
instrumental systematics that need to be considered in the reduction and
analysis of atmospheric data, and atmospheric retrieval models. These
advancements are just a preamble for the imminent data revolution that
will come with the launch of JWST and the next generation of space tele-
scopes. Therefore, exploring the type of inferences we can derive from
these observations as well as their limitations is indispensable. Here,
we summarize and discuss the key atmospheric constraints we have
derived in this chapter when interpreting observations obtained with
space-based facilities using atmospheric retrievals.

Finding absorption features in the atmosphere of a super-Earth orbit-
ing the habitable zone of its host star will be an important first step
towards our search for life signatures in Earth-like exoplanets. This im-
portant step was recognized by Tsiaras et al. (2019) who presented the
transmission spectrum of K2-18b, classified in their work as a Super-
Earth, claiming the first detection of a H2O absorption feature in a hab-
itable zone exoplanet. The excitement of this result was later made cer-
tain by Benneke et al. (2019c), who not only confirmed the absorption
feature of H2O vapor, but additionally reported the likely presence of
water clouds in the planet’s atmosphere. Nonetheless, by revising the
system parameters, Benneke et al. (2019c) highlight that K2-18b is not a
true Earth analog and that the planet falls in the mini Neptune category
with a H-rich atmosphere.

In this work we have presented our contribution to the work of Mad-
husudhan et al. (2020). The additional atmospheric retrieval on the latest
spectrum of K2-18b presented in this chapter confirms the detection of
H2O vapor in the atmosphere of the planet. Furthermore, the retrieval
constrains the atmosphere of K2-18b to be H2-rich with a H2O volume
mixing ratio of 0.02− 14.8%, consistent with previous studies, and find
a depletion of CH4 and NH3, suggesting chemical disequilibrium. This
surprising signature of chemical disequilibrium may be the result of one
or many of the different atmospheric processes mentioned in Chapter 1.
For instance, chemical disequilibrium may be the result of photochemi-
cal processes. However, the potential influence of biochemical processes
may not be entirely ruled out with existing data. The outstanding oppor-
tunity that K2-18b presents to better understand the physical and chem-
ical processes in exoplanetary atmospheres in the temperate regime has
been recently recognized by selected General Observer Programs in Cy-
cle 1 of JWST. Two programs (GO 2372, PI Renyu Hu; GO 2722, PI Nikku
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Madhusudhan) will acquire further transmission spectra of K2-18b and
promise to help us better constrain the abundances of H2O, CH4, NH3,
CO, and CO2.

Future observations of K2-18b may help us better constrain the pres-
ence of clouds and/or hazes in its atmosphere. While the analysis of
Benneke et al. (2019c) finds a likely presence of clouds in K2-18b, our
analysis of the same observations does not conclusively detect cloud-
s/hazes in the observable atmosphere. The disagreement between both
studies may be the result of utilizing different number of parameters and
priors, a pitfall of Bayesian model comparison among different studies.
Alternatively, the use of different cloud parameterizations may cause
this apparent disagreement (e.g., Benneke et al., 2019c, tests three con-
figurations while we test four). Regardless, future observations in the
optical wavelengths will be advantageous to reliably constrain the pres-
ence of clouds and hazes in the atmosphere of K2-18b (e.g., Welbanks &
Madhusudhan, 2019, Chapter 2).

Additionally, the work presented here exemplifies an application of at-
mospheric retrievals and their derived atmospheric constraints. Robust
atmospheric constraints, alongside planetary bulk properties, may be
used to constrain the internal structure and thermodynamic conditions
in the planet as performed by Madhusudhan et al. (2020). Informed by
the atmospheric constraints of K2-18b derived above, they model the
interior of the planet using canonical internal structure models. Their
constraints on the interior composition of K2-18b result in a wide range
of thermodynamic conditions at the H2O-H/He boundary, with one of
many plausible scenarios being an ocean world, with liquid water ap-
proaching STP conditions (e.g., 300 K, ∼ 1–10 bar) underneath a thin
H/He atmosphere. Further atmospheric observations and models are
needed to constrain such scenarios and discern whether the atmospheric
properties, and maybe even ‘surface’ properties, of K2-18b feature hab-
itable conditions. Future exoplanetary studies adopting the ‘end-to-end’
approach of Madhusudhan et al. (2020) will be able to investigate the
atmospheric and interior properties of exoplanets when informed with
by robust and reliable retrieval frameworks and their inferences.

Next in this Chapter, we presented our atmospheric retrieval on the
transmission spectrum of the highly inflated sub-Saturn KELT-11b. The
transmission spectrum of KELT-11b was described by Colón et al. (2020)
as unusual due to the red-most part of the spectrum at ≳ 1.5 µm (see
e.g., Figure 48) which is unusually flat when compared to typical trans-
mission spectra (e.g., Iyer et al., 2016; Tsiaras et al., 2018). Our atmo-
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spheric retrieval explains this ‘unusual’ transmission spectrum by a com-
bined contribution of H2O and HCN absorption along with CIA. How-
ever, the retrieved abundances are sub-solar for H2O and super-solar for
HCN. Considering the retrieved temperature of the planet of ∼ 1900 K,
the retrieved H2O and HCN abundances suggest that KELT-11b has a
super-solar C/O ratio (Madhusudhan, 2012). This apparent oxygen de-
pletion and enrichment in other elements could agree with the findings
presented by Welbanks et al. (2019, Chapter 3) suggesting that different
elements can be differently enhanced.

The sub-solar water abundance retrieved for KELT-11b, a sub-Saturn,
is in disagreement with the mass-metallicity trend for solar system gi-
ant planets using their methane abundance. Additionally, the retrieved
water abundance is several orders of magnitude lower than expected
from formation models which predict an atmospheric metal enrichment
for sub-Saturns in the range of 10–100 × solar (Fortney et al., 2013; Mor-
dasini et al., 2016). Likewise, the inferred water abundance for KELT-11b
is in disagreement with interior structure models based on the observed
masses and radii of gas giant exoplanets which suggest a metal enrich-
ment of ∼ 10 × solar for planets in the sub-Saturn mass range (Thorn-
gren et al., 2016). Our atmospheric retrieval suggests that KELT-11b is
an additional member of the population of planets with subsolar H2O
abundances previously encountered (e.g., Madhusudhan et al., 2014b;
Barstow et al., 2017; Pinhas & Madhusudhan, 2017; Welbanks et al., 2019,
see Chapter 3).

A potential explanation for such a low metallicity could be the forma-
tion of the planet far out in the disk beyond the CO snow line where
the gas is depleted of oxygen-rich volatiles (Öberg et al., 2011) and mi-
grating inward by disk-free mechanisms, as has been proposed for some
hot Jupiters (Madhusudhan et al., 2014c). Similarly, the possibility of the
volatiles locked up in the core as the planet forms via pebble accretion
(Madhusudhan et al., 2017) or the enhancement of other volatiles in the
gas relative to oxygen through pebble drift (Öberg & Bergin, 2016; Booth
et al., 2017) may also contribute to the observed abundances. Testing
these different scenarios will require precise abundance measurements
for other species, such as CO, which would be possible with future ob-
servations with JWST.

The high-precision spectra of KELT-11b as presented by Colón et al.
(2020) has a median uncertainty of 16 ppm. Such high-precision obser-
vations exhort us to consider the possibility of unaccounted instrumental
systematics in our atmospheric retrieval models. We explored this new
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challenge by considering the possibility of underestimated variances in
the data as part of the retrieval model. Our results indicate that a better
fit to the data is possible, under some frequentist metrics, when retriev-
ing an error-inflation factor. Nonetheless, despite the inclusion of this
error-bar inflation factor, the inferred H2O and HCN abundances were
consistent with those from the fiducial uninflated model. This new realm
of instrumental systematics may be a forewarning of the data challenges
we will face with JWST. These and other advanced noise treatments have
been implemented in the next generation retrieval framework Aurora
(Welbanks et al., 2019, see Chapter 4).

Finally, in this chapter we presented our analysis of the transmis-
sion spectrum of the hot Jupiter HAT-P-41b. Our retrieval provides con-
straints on the presence of H2O, and provides indications for the pres-
ence of Na and/or AlO in the optical. The retrieved H2O abundance,
when compared to the stellar metallicity of the host star, corresponds
to a metallicity ∼ 6–56 × stellar with a median of ∼ 23 × stellar. This
superstellar metallicity presents an exciting opportunity to find planets
that do not agree with the sub-solar/sub-stellar trend seen in other hot
Jupiters (e.g., Madhusudhan et al., 2014b; Barstow et al., 2017; Pinhas
et al., 2019; Welbanks et al., 2019, see Chapter 3). Additionally, if con-
firmed, the retrieved atmospheric metallicity for HAT-P-41b further sug-
gests that there is a diversity in the formation and migration histories of
exoplanets.

The potentially high atmospheric metallicity, specifically O/H, inferred
for HAT-P-41b may be the result of formation outside the H2O snowline
and migration inward while accreting substantial mass in planetesimals.
If confirmed, this would be a departure from other hot Jupiters observed
hitherto which have generally shown low H2O abundances, indicative
of low accretion of H2O-rich ices that is possible for disk-free migration
mechanisms (Madhusudhan et al., 2014c; Pinhas et al., 2019; Welbanks
et al., 2019). Such an abundance is also a substantial departure from ex-
pectations based on solar system giant planets. The metallicity of Jupiter
in multiple elements is ∼ 1–5× solar (Atreya et al., 2018; Li et al., 2020).
With the mass of HAT-P-41 b being similar to that of Jupiter its higher
metallicity would indicate an even higher amount of solids accreted than
that of Jupiter in the solar system.

Nonetheless, in order to confirm the apparent high metallicity of HAT-
P-41b we must address the possible instrumental offsets in the observa-
tions of the planet and their impact on the retrieved atmospheric prop-
erties. Our retrieval analysis finds a preference for models that consider
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instrumental offsets in the observations. When offsets are considered,
the retrieved atmospheric metallicity for HAT-P-41b is consistent with
sub-stellar and stellar values. If these stellar or sub-stellar abundances
are confirmed, HAT-P-41b would join the population of observed hot
Jupiters with atmospheric H2O depletion (e.g., Madhusudhan et al.,
2014b; Barstow et al., 2017; Pinhas et al., 2019; Welbanks et al., 2019,
see Chapter 3). Solving this conundrum will require agnostic retrieval
frameworks that account for possible instrumental systematics such as
Aurora, and future complementary observations.

In summary, in this chapter we have explored the challenges and op-
portunities presented by the latest transmission spectra obtained with
space-based facilities and their interpretation with atmospheric retrieval
frameworks. Our key findings are outlined below:

• Transmission spectra obtained with space-based facilities provide
us with key observations in the optical and infrared to constrain
the chemical composition of exoplanets. Particularly, these obser-
vations are instrumental to detect the presence and constrain the
abundance of important molecules such as H2O. The inferred at-
mospheric properties provide important constraints on the forma-
tion and migration history of exoplanets.

• In recent years, the field has achieved the milestone of detecting
an absorption feature in the atmosphere of an exoplanet in the
habitable zone of its host star. Our analysis confirms the detection
of H2O in the atmosphere of the mini-Neptune K2-18b and finds a
surprising depletion of CH4 and NH3. These may be the signs of
chemical disequilibrium in the atmosphere of the exoplanet.

• We characterize the unusual spectrum of the highly inflated sub-
Saturn KELT-11b. We detect signatures of H2O absorption and
indications of HCN. The retrieved H2O abundance is sub-solar
while the HCN abundance is super-solar. Our findings suggest that
KELT-11b may have a super-solar C/O ratio.

• Our retrieval on the transmission spectrum of HAT-P-41b finds a
potentially high atmospheric metallicity, specifically O/H. If con-
firmed, this high abundance would be a departure from previ-
ous hot Jupiters with low H2O abundances and from expectations
based on the solar system giant planets.

• Recent spectra obtained with space-based facilities have highlighted
challenges due to instrumental systematics and high-precision ob-
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servations. These observations require advanced modeling frame-
works that can be agnostic and consider different noise treatments
in pursuance of reliable atmospheric inferences. These challenges
are an opportunity to better prepare for upcoming observations
with JWST and future facilities.

As we look towards the future, the continued use of multiple com-
plementary high-precision exoplanet atmosphere spectra obtained with
ground and space-based facilities will update our findings. Revisiting
our models and their findings will be paramount, especially in the com-
ing era of JWST and as the exoplanet community pushes towards the
atmospheric characterization of high-profile, potentially rocky planets
in the habitable zones of their stars. We continue our discussion of the
future of exoplanet atmospheric characterization in Chapter 8.





8
C O N C L U S I O N S

The last 30 years have witnessed a transformation in the field of exo-
planets, maturing from an era of detection to one of characterization.
More than 4000 exoplanets have been discovered and over 40 of them
have been observed with transmission spectroscopy. The work in this
dissertation has focused on (1) determining the chemical composition
of exoplanet atmospheres, (2) providing plausible abundance estimates
of these chemicals species, (3) exploring trends in these compositions
to inform our understanding of planet formation, and (4) devising next-
generation Bayesian frameworks to maximize the information we derive
from transmission spectra in a physically plausible way.

During the four years of research that our work spans, the field of
exoplanet sciences has significantly changed. Together, we have moved
from using semi-analytic, isothermal, and isobaric atmospheric models
(e.g., Heng & Kitzmann, 2017; Fisher & Heng, 2018) to numerical models
with full pressure–temperature profiles, inhomogeneous cloud and haze
coverage, and multiple molecular species (e.g., Welbanks & Madhusud-
han, 2019, Chapter 2). Our population studies have evolved from being
limited to studying the mass-metallicity relationship for hot Jupiters us-
ing H2O abundances (e.g., Barstow et al., 2017; Pinhas et al., 2019), to a
more diverse sample considering mini Neptunes as well as hot Jupiters
and multiple metallicity tracers such as Na, K, and H2O (e.g., Welbanks
et al., 2019, Chapter 3). Our retrieval frameworks have relaxed previous
assumptions applicable to H-rich atmospheres only (e.g., MacDonald &
Madhusudhan, 2017a; Al-Refaie et al., 2019; Pinhas et al., 2019; Zhang
et al., 2019, 2020) and have expanded their considerations to become
more agnostic and applicable to any type of exoplanet atmosphere, both
H-rich and H-poor (e.g., Welbanks & Madhusudhan, 2021, Chapter 4).
The work in this dissertation has been a participant and contributor to
the growth of the field over the last few years.

Below, we recapitulate some of the contributions of this thesis to the
field of atmospheric characterization of exoplanets with transmission
spectroscopy. We revisit the outstanding questions presented in Chap-
ter 1 and offer answers based on the research presented in this disserta-
tion. Then, we offer some insights into future directions our work may
take. We conclude by presenting the final remarks for our work.

205
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8.1 understanding the limitations of retrievals of exo-
planetary transmission spectra

Certainly, transmission spectroscopy of transiting exoplanets offers a
powerful probe to study their atmospheres. The interpretation of such
observations is routinely performed using Bayesian inference tools known
as retrievals. At its core, a retrieval framework is composed of an atmo-
spheric forward model that computes a synthetic spectrum and an op-
timization algorithm that extracts atmospheric constraints from the ob-
servables (see e.g., Madhusudhan, 2018). While the retrieval approach is
a powerful means to derive atmospheric properties of exoplanets, their
applicability is inherently limited by the quality (e.g., resolution, wave-
length coverage, signal-to-noise) of the data being interpreted and the
inherent model assumptions. Indeed, the use of different model assump-
tions and different data sets have led to contrasting results in the liter-
ature (e.g., Kreidberg et al. 2015 vs. Heng & Kitzmann 2017, Sing et al.
2016 vs. Barstow et al. 2017 vs. Pinhas & Madhusudhan 2017, Sheppard
et al. 2017 vs. Arcangeli et al. 2018).

To address this problem, we have performed in Chapter 2 a system-
atic exploration of the degeneracies between different model consider-
ations and the observations that can resolve them. This study used a
combination of Bayesian atmospheric retrievals and a range of common
model assumptions, focusing on H2-rich atmospheres. The models con-
sidered increased in complexity and completeness, starting with simple
isothermal and isobaric atmospheres (known to be unphysical) to those
with full pressure–temperature profiles, inhomogeneous cloud and haze
coverage, multiple molecular species (more physically plausible), and
data in the optical–infrared wavelengths obtained with HST/STIS and
HST/WFC3. This exploration of model considerations demonstrates that
inferences derived from observations are strongly influenced by model
assumptions.

Our work demonstrates that it is possible to overcome the aforemen-
tioned limitations by using a combination of physically motivated mod-
els with minimal assumptions and broadband transmission spectra with
current facilities. We robustly demonstrate that precise estimates of chem-
ical abundances are possible with current transmission spectra when
using high-precision optical and infrared spectra, along with models in-
cluding variable cloud coverage and prominent opacity sources. This
work’s key contribution to the field was demonstrating the shortcom-
ings of semi-analytic models employed in previous studies (e.g., Heng
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& Kitzmann, 2017; Fisher & Heng, 2018). Furthermore, we demonstrate
that the degeneracy between planetary radius and its reference pressure,
previously considered a fundamental hindrance for transmission spec-
tra, is well characterized, and has little effect on the derived abundance
estimates.

8.1.1 Revisiting Outstanding Questions

In Chapter 1 we presented the outstanding questions our work aimed
to provide insights into. We revisit these questions and recapitulate the
insights obtained from Chapter 2.

Q1: What are the data and model combinations that allow for precise
estimates of chemical abundances using transmission spectra?

A1: Transmission spectra obtained with current facilities such as the
Hubble Space Telescope (HST) and the Very Large Telescope (VLT)
can provide strong constraints on atmospheric abundances of ex-
oplanets if we use physically motivated models with minimal as-
sumptions. High-precision optical and infrared spectra are paramount
to provide highly constrained chemical abundances while helping
constrain the range of possible planetary radii (Rp) and their asso-
ciated reference pressures (Pref).

Q2: Are there any inherent model degeneracies that fundamentally hin-
der parameter inferences?

A2: In transmission spectra, a strong degeneracy exists between Rp and
Pref. However, this degeneracy is well characterized and has little
effect on parameter inferences.

Q3: What are the minimum model considerations required to adequately
interpret current spectroscopic observations?

A3: For current spectroscopic observations, the atmospheric models
must consider variable cloud coverage; prominent opacity sources,
with Na and K being important in the optical; collision-induced ab-
sorption due to H2-H2 and H2-He interactions; and full pressure-
temperature profiles that may deviate from isothermal assump-
tions.
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8.1.2 Future Considerations

While our work demonstrates that low resolution spectro-photometric
observations with current facilities such as HST and VLT can provide
strong constraints on atmospheric abundances of exoplanets, these con-
siderations will continue to be explored in the context of upcoming
facilities such as the James Webb Space Telescope (JWST) and the Ex-
tremely Large Telescopes (ELTs). The current modeling paradigm (e.g., 1-
dimensional, simplistic clouds, minimal chemical assumptions) will un-
doubtedly need revision when confronted with observations comprised
of higher resolution, longer spectral coverage, and better signal-to-noise
anticipated over the next decade. Therefore, in order to maximize the
scientific return of tomorrow’s high fidelity observations, we must sys-
tematically examine the strengths and weaknesses of the current model-
ing paradigms in order to develop a foundation for the next-generation
of atmospheric retrieval models.

8.2 homogeneous studies to determine population level

trends

As explained in Chapter 1, an objective of extra-solar planetary science is
to address population level hypotheses regarding the origin and evolu-
tion of planets. Previous studies (e.g., Madhusudhan et al., 2014b; Krei-
dberg et al., 2014b, 2015; Barstow et al., 2017; Pinhas et al., 2019), have
attempted to determine H2O abundances relative to solar system expec-
tations. However, in order to break important degeneracies between the
atmospheric metal content and the elemental carbon-to-oxygen ratios
(Madhusudhan et al., 2014c), constraints on more species beyond H2O
were desperately needed.

In Chapter 3, and building upon the findings of Chapter 2, we inves-
tigate population level composition trends leveraging the most recent
data spanning the optical-to-near-infrared, covering not only H2O, but
Na and K. The work shown in Chapter 3 constitutes the largest (i.e.,
broad wavelength coverage, multiple chemical species, mini Neptunes
to Jupiter sized planets) homogeneous chemical abundance survey for
transiting exoplanets to date. In total, we retrieved and analyze the at-
mospheric properties of 19 exoplanets ranging from cool mini Neptunes
with temperatures close to 300 K to ultra-hot Jupiters with temperatures
above 2700 K.
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The novel contribution of our work was extending the analysis of the
so-called mass-metallicity relationship to species beyond H2O. We found
a mass-metallicity trend for H2O abundances significantly below that an-
ticipated from the solar system gas giant planets (e.g., Atreya et al., 2018)
and from core-accretion predictions (e.g., Fortney et al., 2013; Mordasini
et al., 2016). Conversely, we found abundances of alkali species (Na
and K) consistent with or higher than solar system derived metallicities.
These results are suggestive of superstellar C/O, Na/O, and K/O ratios,
meaning stellar or superstellar metallicities but depleted oxygen relative
to other species. By acknowledging that different chemical species pro-
vide different insights into the atmospheric properties of an exoplanet,
this approach was able to break the important degeneracy between C/O
ratios and atmospheric metallicity prevalent up to then in the field.

The consistent depletion of H2O, relative to solar expectations, sug-
gests planet formation pathways that differ from the standard solar
system paradigm for longer period planets. Furthermore, the differing
trends among the various species (H2O, Na, K) argue against the use of
more constrained retrieval models that rely upon scaled solar elemental
abundances – an additional indication that modeling assumptions have
a strong influence on atmospheric compositional inferences. Below we
revisit the outstanding questions presented in Chapter 1.

8.2.1 Revisiting Outstanding Questions

We presented the following questions in Chapter 1; here we provide
some answers.

Q1: Is there a mass-metallicity trend for transiting exoplanets from at-
mospheric abundances of H2O, Na, and K?

A1: Our work finds a mass-metallicity trend of increasing H2O abun-
dances with decreasing mass, spanning generally substellar values
for gas giants and stellar/superstellar for Neptunes and mini Nep-
tunes. On the other hand, the gas giants exhibit Na and K abun-
dances consistent with or higher than those of their host stars.

Q2: If any mass-metallicity trends are observed, are they consistent
with solar system expectations? are they consistent within them-
selves?

A2: The overall trend in H2O abundances, from mini Neptunes to hot
Jupiters, is significantly lower than the mass-metallicity relation
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for carbon in the solar system giant planets and similar predic-
tions for exoplanets. The Na and K abundances are consistent the
solar system trend. Additionally, the Na and K elemental ratios are
consistent with each other.

Q3: Are there any constraints we can place on planetary formation
mechanisms from the derived chemical atmospheric abundances?

A3: The inferred low H2O abundances in hot gas giants are unlikely
to be due to low O/H or low overall metallicities, considering the
higher alkali enrichments in some planets. Instead, the H2O un-
derabundance and alkali enrichment are likely due to an overall
stellar or superstellar metallicity but oxygen depleted relative to
other species. Future studies could further investigate the avenues
to explain the observed trends and place constraints on planetary
formation mechanisms.

8.2.2 Future Considerations

Upcoming spectroscopic observations, especially those with JWST at
longer wavelengths, will inform whether these observed trends are sta-
tistically significant and whether they exist for other chemical species.
Additionally, expanding the above sample may help identify outliers
to the observed trend. For instance, resolving the possible instrumental
systematics in the transmission spectrum of HAT-P-41b, as conducted in
Chapter 7, could help us determine whether this hot Jupiter has a metal-
rich atmosphere. Likewise, resolving the prior dependency of WASP-39b
uncovered in Chapter 3 will help us better inform the trend of inferred
low H2O abundances. For the case of WASP-39b, resolving this problem
may be a possibility in the short term when the Transiting Exoplanet
Community Early Release Science Program with JWST (Program ERS
1366) obtains its first observations of the planet’s atmosphere with JWST
NIRISS, NIRCam, and NIRSpec.

8.3 development of next-generation agnostic exo-atmosphere

bayesian inference frameworks

The lessons derived from Chapter 2 and Chapter 3, alongside our con-
tributions to the interpretation of recent transmission spectra presented
in Chapter 6 and Chapter 7, highlight that the inferences derived from
observations are strongly influenced by model assumptions. As a result,
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part of the journey in this dissertation has been to build the tools that
can take us towards the generalized characterization of exoplanet atmo-
spheres with transit spectroscopy. Such tools ought to be agnostic, mean-
ing flexible and applicable to a wide range of systems. These agnostic
tools have minimal assumptions, and are cognizant of their limitations.
Furthermore, these retrieval frameworks are highly adaptive and modu-
lar to address the needs of current and upcoming observations. This has
been the goal of Chapter 4 and Chapter 5; to develop next-generation
agnostic Bayesian modeling frameworks.

In Chapter 4 we have presented the methods for developing Aurora,
a next-generation retrieval framework for the characterization of H-rich
and H-poor atmospheres. Then, in Chapter 5 we have demonstrated the
capabilities of our framework. Currently, Aurora is the only retrieval
framework that relaxes the assumption of a H-rich atmosphere to re-
trieve the atmospheric composition of any type of exoplanet atmosphere,
while considering the presence of inhomogeneous clouds and hazes.
This new framework considerably expands the model flexibility required
for explaining higher fidelity observations. Focused on transmission spec-
tra, which, due to their geometry, require more complex forward mod-
els, Aurora incorporates several optimization and data analysis tools
like Gaussian processes to treat correlated noise and next-generation
Bayesian samplers.

Aurora provides key contributions to the development of retrieval
frameworks. First, we have updated the methods of compositional data
analysis to reparameterize the volume mixing ratios, used in traditional
retrievals of exoplanet atmospheres, into compositional parameters for
the nested sampling algorithm. This advancement allows for agnostic
retrievals where the bulk composition of the atmosphere is inferred
from the data instead of being assumed a priori. Aurora has expanded
the scope of previous atmospheric retrievals beyond their assumptions
of H-rich atmospheres. Second, we have introduced a new generalized
treatment for inhomogeneous clouds and hazes. This new treatment mit-
igates biases and limitations in previous prescriptions. Then, Aurora in-
corporates the next generation of nested sampling algorithms. These en-
able our framework to handle highly degenerate problems and problems
of higher dimensionality. Finally, the modular structure of Aurora is de-
signed to evolve with the needs of future spectroscopic observations. We
have incorporated several new modules to expand our noise modeling
capabilities beyond the traditional assumed independently distributed
Gaussian errors, and to compute forward models considering the effects
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of light refraction, forward scattering, and Mie scattering due to conden-
sates.

In Chapter 5 we contribute to the field of exoplanetary atmospheric
characterization by applying this new framework to current and/or syn-
thetic observations of the hot Jupiter HD 209458 b, mini Neptune K2-
18b, and rocky exoplanet TRAPPIST-1 d, and providing an estimate of
the constraints we may obtain when using agnostic retrieval tools. On
current observations of HD 209458 b, we find that the cloud and haze
prescription introduced in this dissertation results in a higher model ev-
idence than previous inhomogeneous cloud and haze prescriptions. Ad-
ditionally, we find that our more conservative abundance estimates for
current observations of HD 209458 b result in a median H2O abundance
that is still subsolar based on expectations of thermochemical equilib-
rium, but consistent with a solar value to within 1σ. Nonetheless, while
the H2O abundance is largely subsolar, both Na and K abundances are
significantly super-solar, implying a relative depletion in H2O compared
to Na and K as found in Chapter 3.

Our results for the mini Neptune K2-18b find that for current obser-
vations, different nested sampling algorithms are consistent with each
other. Using synthetic observations, we find that future observations of
K2-18b with JWST will make it possible to unequivocally retrieve the
bulk gas composition in the atmosphere, improving on present-day esti-
mates derived using current K2, HST/WFC3, and Spitzer observations.
Additionally, future abundance estimates of mini Neptunes could result
in precisions of ∼ 0.5 dex or better. Then, through our results for future
observations of rocky exoplanets, we contribute to the growing efforts
to assess the potential to characterize the TRAPPIST-1 system. We find
that 10 JWST transits of TRAPPIST-1 d could enable clear detections
and abundance constraints of H2O in a cloud-free, N2-rich or CO2-rich
atmosphere. Furthermore, 10 JWST transits could enable initial indica-
tions of O3 if present at enhanced levels (∼ 10×–100× Earth levels) in a
cloud-free N2-rich atmosphere.

8.3.1 Revisiting Outstanding Questions

We presented the following questions in Chapter 1:

Q1: What are the modeling advancements required to model H-rich
and H-poor atmospheres using atmospheric retrieval frameworks?
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A1: We have presented those methods in Chapter 4 and applied them
in Chapter 5. Generally speaking, when retrieving the chemical
abundances of H-poor atmospheres, we must allow for all chemi-
cal species to have the same prior probability density in a permutation-
invariant prescription. The tools developed by the subfield of statis-
tics called compositional data analysis can be useful (e.g., Pear-
son, 1897; Tanner, 1949; Chayes, 1960; Aitchison, 1986; Aitchison &
Egozcue, 2005; Benneke & Seager, 2013). Correctly implementing
such methods will allow a retrieval framework to be applicable to
both H-rich and H-poor atmospheres.

Q2: Do existing Bayesian inference algorithms provide consistent pa-
rameter estimates for exoplanet atmospheres using existing data?

A2: We have demonstrated that different implementations of the nested
sampling algorithm provide consistent parameter estimates for ex-
oplanet atmospheres using existing data. Future studies may ex-
plore the impact of different nested sampling algorithms on data
previously considered problematic (e.g., WASP-39b).

Q3: Can we perform agnostic retrievals on existing and upcoming spec-
troscopic observations of exoplanetary atmospheres to constrain
their bulk composition?

A3: Our results suggest that we can constrain the bulk atmospheric
composition of exoplanets using agnostic retrievals on existing and
upcoming observations. Nonetheless, our inferences for upcoming
observations are based on synthetic data. Assessing agnostic re-
trievals on actual JWST or ELTs data will be enlightening.

Q4: How many transits using the upcoming JWST are required to char-
acterize a rocky exoplanet?

A4: The number of transits with JWST required for the chemical charac-
terization of rocky exoplanets can vary depending on the system
parameters, the instrument of choice, and the desired precision
on the retrieved atmospheric properties. Our results, using syn-
thetic spectra for TRAPPIST-1 d, suggest that 10 JWST-NIRSpec
transits can enable identification of the main atmospheric compo-
nent for cloud-free, CO2-rich, and N2-rich atmospheres. However,
this number of transits may be significantly higher in the presence
of clouds and hazes. Our suggestion of of 10 JWST-NIRSpec tran-
sits is specific to the cases considered in this dissertation.
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8.3.2 Future Considerations

Aurora incorporates key developments fundamental for the future of at-
mospheric characterization with transmission spectroscopy. For instance,
this framework incorporates new optimization algorithms designed to
ease the computational burden when performing parameter estimation
in multidimensional atmospheric models. Furthermore, important con-
siderations in the interpretation of transmission spectra such as the im-
pact of stellar heterogeneity, correlated noise, instrumental shifts, and
underestimated variances in the data are included within Aurora’s frame-
work. This more advanced modeling framework will be essential to re-
liably extracting atmospheric properties from the data of today and to-
morrow.

Nonetheless, additional modeling advancements will be important for
the next generation of observations. As explained in Section 5.5 in Chap-
ter 5, additional considerations about the presence of clouds and hazes
in these mini Neptunes remain to be explored. Future studies could in-
vestigate the need for more complex cloud and haze models in retrievals
when interpreting observations of mini Neptunes. Likewise, future stud-
ies could expand our current retrieval framework to incorporate mul-
tidimensional P–T profiles and nonuniform mixing ratios, just as we
have done for clouds and hazes. Lastly, when assessing the potential
for characterizing rocky exoplanets, considering more complex atmo-
spheric compositions with multiple absorbers and different atmospheric
processes could better inform our estimates.

8.4 interpreting space-based and ground-based transmis-
sion spectra of transiting exoplanets

In Chapter 6 and Chapter 7 we have shown our contribution to recent
studies obtaining and interpreting transmission spectra of exoplanets ob-
tained with ground and space-based facilities. Our retrieval models have
helped obtain constraints on the atmospheric properties of hot Jupiters,
hot sub-Saturns, and even temperate mini Neptunes. In Chapter 1 we
suggest that our work aims to answer the question ‘What are the achiev-
able atmospheric constraints using the latest spectroscopic data obtained
with ground- and space-based facilities?’. While the answer to that ques-
tion is planet and spectra specific, we can assert that current facilities
allow for abundance constraints with precisions close to 0.5 dex. Addi-
tionally, high-precision observations coupled with Bayesian atmospheric
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retrievals can provide us indications for the presence of multiple chemi-
cal species in these exoplanet atmospheres.

These works have contributed to the field by demonstrating the capa-
bilities of ground-based facilities to detect, and quantify the abundances
of, alkali species with absorption signatures in the optical. Likewise,
these works have demonstrated that space-based observatories, partic-
ularly HST, are essential to provide constraints on the presence and
abundance of H2O and other volatiles. Some of the previously uniden-
tified chemical species uncovered by our retrieval analyses (e.g., Li in
WASP-127b and AlO in WASP-33b), if confirmed by future observations
and subsequent retrieval studies, will contribute to the field by illus-
trating the broad diversity in planetary atmospheric composition. If, on
the other hand, these suggestions are later disproved, our results high-
light the importance of interpreting Bayesian detection significances as
a model preference and not as the unequivocal detection of new physics
(see also Chapter 4).

Our work has unveiled the atmospheric properties of several intrigu-
ing exoplanets. Two cases of particular interest to our understanding
of mass-metallicity relations in exoplanets are KELT-11b and HAT-P-
41b. Their retrieved abundances are suggestive of a subsolar metallic-
ity for KELT-11b, and a metal rich atmosphere for HAT-P-41b. However,
these inferences are based on spectra of limited wavelength coverage
(e.g., KELT-11b) and with possible instrumental systematics (e.g., HAT-
P-41b). As a result, the need for developing and implementing advanced
retrieval frameworks that can take into account these data limitations
is one of the main outcomes of these works. Additionally, the high-
precision and instrumental systematics of these data sets are a prelude
for future observations with JWST and the ELTs.

Our contribution to the analysis of K2-18b and WASP-21b highlight
two important future directions for the field of exoplanetary charac-
terization. On the one hand, our retrieval analysis of the transmission
spectrum of K2-18b confirms the presence of H2O in the atmosphere of
a planet in the habitable zone of its host star. Additionally, we find a
suprising depletion of CH4 and NH3 which may indicate chemical dis-
equilibrium in the atmosphere of the planet. Our retrieved atmospheric
properties were then used by Madhusudhan et al. (2020) to model the
interior of the planet. This new ‘end-to-end’ approach for characterizing
exoplanets, may be an important avenue for future studies looking to
simultaneously constrain the atmosphere and interior of an exoplanet.
On the other hand, our analysis of the transmission spectrum of WASP-
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21b suggested the presence of Na in the atmosphere of the planet. This
suggestion was then confirmed with high-resolution spectroscopic ob-
servations in the same study by Chen et al. (2020). Characterizing exo-
planet atmospheres with complementary techniques both at high- and
low-resolution will most likely be advantageous as we look into the fu-
ture. Such combined approach would enable robust and reliable con-
straints for the atmospheric properties of exoplanets.

8.5 future directions

Although we are about to reach the end of this dissertation, we are
far from done with the many research avenues still to investigate. The
methods and concepts introduced in this work will continue to be devel-
oped over the upcoming years to answer outstanding questions in the
field. Additionally, over the next decade we will have dramatically tran-
scended as a field from having very limited data and, often conflicting,
knowledge of exoplanet atmospheres to having credible and exquisite
observations. This data revolution will undoubtedly invite us to revise
our assumed ability to reliably extract physical parameters, such as at-
mospheric pressure-temperature and abundances, and our understand-
ing of the limits of the data. Here we present some of the many outstand-
ing questions and considerations still to be pursued and which may be
a starting point for future research endeavors:

• In Chapter 2 we have revised the modeling paradigm for cur-
rent spectro-photometric observations. However, what are the min-
imum model assumptions that our atmospheric models should
have when interpreting observations with JWST and the ELTs?

• How will the mass-metallicity trends presented in Chapter 3 change
with upcoming observations with JWST and the ELTs? Could we
provide constraints based on other chemical species? How could
we combine the atmospheric constraints obtained from other char-
acterization methods (e.g., high-resolution spectroscopy)?

• In Chapter 4 we have introduced a new generalized prescription
for the presence of inhomogenous clouds and hazes. However, a
full exploration of the different degeneracies and biases in differ-
ent cloud and haze prescriptions will be key in refining future
parametric prescriptions. Therefore, we could ask ourselves, what
are the model improvements required to constrain the physical
properties of clouds and hazes with future observations?
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• In Chapter 7 we found a planet with a potentially high atmo-
spheric metallicity? Can we confirm this? Are there any outliers
to the mass-metallicity trend presented in Chapter 3?

• Several considerations for the treatment of instrumental systemat-
ics and unaccounted noise sources remain to be explored. Future
studied may explore the impact of these noise sources in the in-
ferred atmospheric properties.

These questions highlight that we are at the beginning of an extraordi-
nary growth in the field of exoplanetary atmospheric characterization.
The improvements in observational facilities over the upcoming decades
invite us to perform a corresponding examination of the core model-
ing assumptions inevitably employed to infer basic planetary conditions.
Only by performing a comprehensive analysis of our existing model as-
sumptions can we ensure that the inferences derived from these revolu-
tionary data sets are believable. These joint efforts will help us maximize
the scientific output of our shared endeavors.

8.6 final remarks

We stand at the dawn of a new day for exoplanetary sciences. The most
recent estimates suggest that by mid 2022 JWST will start its cycle 1

of science observations. If true, as early as next year we will start ob-
taining data at wavelengths never probed before. The secrets that these
observations will uncover are bound to transform the landscape of the
field. Then by sometime in 2025, the Extremely Large Telescope with its
enormous 39-meter primary will receive its first light. With both JWST
and ELT potentially operational within 5 years of this dissertation, the
precision, wavelength coverage, and resolution of future spectroscopic
observations will be unlike anything we have ever seen before.

Then, the next generation of survey missions will arrive. PLATO, the
PLAnetary Transits and Oscillations of stars mission, promises to find
and study a large number of exoplanets, with emphasis on the proper-
ties of terrestrial planets in the habitable zone around solar-like stars
(Rauer et al., 2014). This mission, currently under development, and
scheduled to launch in 2026, will provide us with attractive targets for
atmospheric characterization followup. Then, ARIEL, the Atmospheric
Remote-sensing Infrared Exoplanet Large-survey will pursue a chemical
census of a large (≳ 1000) and diverse sample of warm and hot exoplan-
ets (Puig et al., 2018). This mission, currently scheduled for 2029, will
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provide us for the first time with a much larger sample of exoplanet
transit spectra to perform chemical surveys and further address popula-
tion level hypotheses. We could almost expect that by this point, the out-
look of exoplanetary sciences may be completely unrecognizable from
today’s point of view.

Finally, with such a rapid progress, we can only hypothesize what
may happen in the next decade. We will most likely be preparing and
talking about the subsequent generation of multi-wavelength space tele-
scopes. At the time of writing this dissertation, we eagerly await the 2020

decadal survey report. Such document will help us understand which
will be the next large mission through which we will explore the uni-
verse. Will it be HabEx (Gaudi et al., 2020), LUVOIR (The LUVOIR Team,
2019), the Origins Space Telescope (The OST mission concept study team,
2018), or Lynx (Gaskin et al., 2018)? Whichever the selected mission, find-
ing and characterizing an Earth analogue may be possible in the not too
distant future. Likewise the Thirty Meter Telescope (expected first light
in 2027) and the Giant Magellan Telescope (expected commissioning in
2029) will collect more light than any telescope ever built. The joint ef-
forts from ground and space-based facilities in the 2030s open up the
possibility for detecting biosignatures within our lifetime.

In a nutshell, we can only expect to continue to be surprised by Nature.
Theoretical and observational efforts will open our minds to the vastness
of the Universe and the worlds within it. Characterization of exoplanets
at both high- and low-resolution may very well uncover whether there
is life somewhere else in our galaxy. Furthermore, with time we will
learn about what currently are unknown unknowns. Together, past and
future generations, we will continue to find our place in this Universe –
our home.
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Here we report additional figures and tables for the retrievals performed
in Chapter 2. Figures 52 to 54 show the posterior distributions for XH2O,
Pref, and Rp and the correlations between them for cases 0 to 12. In Fig-
ure 55 we show the full posterior distributions for all parameters for the
full retrieval case, case 12, discussed in Section 2.3.13. Tables 11 and 12

show the parameters retrieved for all the 12 cases along with the prior
ranges and retrieved values.
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Figure 52 Posterior distributions for cases 0 and 1 from Section 2.3.
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Figure 53 Posterior distributions for cases 2-7 from Section 2.3.



appendix a 223

5 4

log(XH2O)
5 40.0

0.2

0.4

0.6

0.8

1.0

Pr
ob

ab
ilit

yd
en

sit
y

5 0

log(Pref)
5 00.0

0.2

0.4

0.6

0.8

1.0

Pr
ob

ab
ilit

yd
en

sit
y

5 0

5.5

5.0

4.5

4.0

3.5

1.3 1.4

Rp
1.3 1.40.0

0.2

0.4

0.6

0.8

1.0

Pr
ob

ab
ilit

yd
en

sit
y

1.3 1.4

5.5

5.0

4.5

4.0

3.5

1.3 1.46

4

2

0

2

5 4

log(XH2O)
5 40.0

0.2

0.4

0.6

0.8

1.0

Pr
ob

ab
ilit

yd
en

sit
y

5 0

log(Pref)
5 00.0

0.2

0.4

0.6

0.8

1.0

Pr
ob

ab
ilit

yd
en

sit
y

5 0

5.5

5.0

4.5

4.0

1.2 1.3 1.4

Rp
1.2 1.3 1.40.0

0.2

0.4

0.6

0.8

1.0

Pr
ob

ab
ilit

yd
en

sit
y

1.2 1.3 1.4

5.5

5.0

4.5

4.0

1.2 1.3 1.46

4

2

0

2

(Case 8) (Case 9)

5 4

log(XH2O)
5 40.0

0.2

0.4

0.6

0.8

1.0

Pr
ob

ab
ilit

yd
en

sit
y

5 0

log(Pref)
5 00.0

0.2

0.4

0.6

0.8

1.0

Pr
ob

ab
ilit

yd
en

sit
y

5 0

5.5

5.0

4.5

4.0

3.5

1.3 1.4

Rp
1.3 1.40.0

0.2

0.4

0.6

0.8

1.0

Pr
ob

ab
ilit

yd
en

sit
y

1.3 1.4

5.5

5.0

4.5

4.0

3.5

1.3 1.46

4

2

0

2

5 4

log(XH2O)
5 40.0

0.2

0.4

0.6

0.8

1.0

Pr
ob

ab
ilit

yd
en

sit
y

5 0

log(Pref)
5 00.0

0.2

0.4

0.6

0.8

1.0

Pr
ob

ab
ilit

yd
en

sit
y

5 0

5.5

5.0

4.5

4.0

1.3 1.4

Rp
1.3 1.40.0

0.2

0.4

0.6

0.8

1.0

Pr
ob

ab
ilit

yd
en

sit
y

1.3 1.4

5.5

5.0

4.5

4.0

1.3 1.46

4

2

0

2

(Case 10) (Case 11)

5 4

log(XH2O)
5 40.0

0.2

0.4

0.6

0.8

1.0

Pr
ob

ab
ilit

yd
en

sit
y

5 0

log(Pref)
5 00.0

0.2

0.4

0.6

0.8

1.0

Pr
ob

ab
ilit

yd
en

sit
y

5 0

5.5

5.0

4.5

4.0

3.5

1.3 1.4

Rp
1.3 1.40.0

0.2

0.4

0.6

0.8

1.0

Pr
ob

ab
ilit

yd
en

sit
y

1.3 1.4

5.5

5.0

4.5

4.0

3.5

1.3 1.46

4

2

0

2

(Case 12)

Figure 54 Posterior distributions for cases 8-12 from Section 2.3.
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Figure 55 Posterior distribution for the parameters of interest for case 12

as explained in Sections 2.3 and 2.3.13. The parameter T0, the tempera-
ture at the top of the atmosphere (10−6 bar), is shown as a subset of the
P-T parameters used in the model. This is a full retrieval of HD 209458 b
using data in the near-infrared and optical wavelengths from Sing et al.
(2016). The model includes the effects H2-H2 and H2-He CIA opacity;
absorption from H2O, Na, K, NH3, CO, HCN, and CO2; a parametric
P–T profile; and the presence of clouds/hazes. Both Rp and Pref are si-
multaneously retrieved.
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Here we report additional information for the retrievals performed in
Chapter 3. Table 13 shows the assumed exoplanetary masses for the
mass-metallicity trends shown in Chapter 3. Then Table 14 reports the
parameters and priors used in Chapter 3. Lastly, Table 15 shows the host
star metallicities used for comparing the retrieved planetary abundances
to stellar expectations.

Table 13 Planetary Masses

# planet name Mp (MJ ) reference

1 K2-18b 0.03 Cloutier et al. (2019)
2 GJ3470b 0.04 Biddle et al. (2014)
3 HAT-P-26b 0.06 Hartman et al. (2011)
4 HAT-P-11b 0.07 Yee et al. (2018)
5 WASP-107b 0.12 Anderson et al. (2017)
6 WASP-127b 0.18 Lam et al. (2017)
7 HAT-P-12b 0.21 Sing et al. (2016)
8 WASP-39b 0.28 Sing et al. (2016)
9 WASP-31b 0.48 Sing et al. (2016)
10 WASP-96b 0.48 Hellier et al. (2014)
11 WASP-6b 0.50 Sing et al. (2016)
12 WASP-17b 0.51 Sing et al. (2016)
13 HAT-P-1b 0.53 Sing et al. (2016)
14 HD 209458b 0.69 Sing et al. (2016)
15 HD 189733b 1.14 Sing et al. (2016)
16 WASP-19b 1.14 Sing et al. (2016)
17 WASP-12b 1.40 Sing et al. (2016)
18 WASP-43b 2.03 Gillon et al. (2012)
19 WASP-33b 2.10 Lehmann et al. (2015)

Note. Planet mass quoted as nominal value; uncertainties are
not considered. Values were rounded to two decimal places.
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Table 14 Parameters and Priors for the Homogeneous Retrievals in Chap-
ter 3.

parameter prior distribution prior range

Xi Log-uniform
10−12 − 10−1 for M> 0.3MJ

10−12 − 10−0.3 for M < 0.3MJ

T0 Uniform
0− Teq. + 100 K for Teq. < 900 K

400− Teq. + 100 K for 900 < Teq. < 1200 K
800− Teq. + 100 K for Teq. > 1200 K

α1,2 Uniform 0.02− 2.00 K−1/2

P1,2 Log-uniform 10−6 − 102 bar

P3 Log-uniform 10−2 − 102 bar

a Log-uniform 10−4 − 1010

γ Uniform -20− 2

Pcloud Log-uniform 10−6 − 102 bar

ϕ̄ Uniform 0− 1

λshift
∗ Uniform -0.1− 0.1 µm

Note. The wavelength shift λshift
∗ was employed in the retrieval of WASP-19b only, as

performed by Sedaghati et al. (2017). Similarly γ had a uniform prior between −60 and
2 for WASP-19b. Two different retrievals were performed for WASP-39b with different
prior ranges for Xi: 10−12 − 10−0.3 and 10−12 − 10−1.
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A N D 5

Here we report additional information for the retrievals and models in
Chapters 4 and 5.

c.1 additional forward-scattering and refraction mod-
els for a rocky exoplanet

For completion, we consider the effects of wavelength-dependent refrac-
tion and forward scattering presented in Chapter 4, Section 4.6.3, on
the rocky exoplanet TRAPPIST-1 d. We consider the same N2-rich atmo-
spheric model used in Chapter 5, Section 5.4. Namely, we consider an
atmosphere composed of 77.51% N2, 21.38% O2, 1% H2O, 0.1% CO2,
and 0.01% O3. The model spectra are generated at a constant resolution
of R = 5000 between 0.3 and 5.5 µm, and smoothed for the purposes of
Figure 56.

When considering the effects of wavelength-dependent refraction, we
specifically include N2 refraction as our atmospheric model is N2-rich.
The forward model considering the effects of forward scattering uses
the same assumptions as in Chapter 4, Section 4.6.3 (i.e., g = 0.95 and
ω̃o = 1) and the planet-star orbital separation reported by Agol et al.
(2021). Figure 56 shows these forward models and their respective model
residuals.

These model considerations have a stronger effect in this rocky exo-
planet test case than in the mini Neptune test case presented in Chap-
ter 4, Section 4.6.3. The impact of N2 refraction results in a model dif-
ference of ∼ 12 ppm. On the other hand, forward scattering results in a
model difference ≲ 2 ppm. The impact of these considerations is ∼ 3×
stronger in this TRAPPIST-1 d case than in the K2-18b case presented in
the main text. Nonetheless, these results are dependent on the assumed
synthetic model considerations and should not be generalized to other
test cases beyond the ones considered here.
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Figure 56 (a) Effects of wavelength-dependent refraction and (b) forward
scattering for a TRAPPIST-1 d-like rocky exoplanet. The top panels show
the forward model without these effects considered (black), the model
with N2 refraction (green), and the model considering forward scatter-
ing (red). The bottom panels show the model residuals.
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c.2 procedure for simulating jwst observations

Here we report additional information for simulating the synthetic JWST
observations in Chapter 5.

c.2.1 PANDEXO Input for K2-18b

The assumed stellar spectrum for K2-18 is interpolated from the Phoenix
Stellar Atlas (Husser et al., 2013) by PANDEXO assuming Teff = 3457 K
(Benneke et al., 2019c), [Fe/H]= 0.12 (Sarkis et al., 2018), log10(g) =

4.858 cgs (Crossfield et al., 2016), Rstar = 0.4445 R⊙ (Benneke et al., 2019c),
and a K-band magnitude of 8.899. We assume a transit duration of 2.663
hr (Benneke et al., 2017). The in-transit and out-of-transit fluxes are com-
puted using this stellar spectrum and a constant transit-depth model
assuming a planet radius of 2.61 R⊕ (Benneke et al., 2019c).

Our simulated observations assume a saturation limit of 80% full well
and an extremely optimistic noise floor of 5 ppm. Our assumed noise
floor is much smaller than expectations from Greene et al. (2016) and Be-
ichman & Greene (2018). The upcoming JWST Cycle 1 will better inform
the existence of a possible systematic noise floor. Nonetheless, given
that the noise in our synthetic observations at the native resolution of
the gratings is much higher than noise floor expectations, our choice
of 5 ppm has little impact on our results. We generate these synthetic
observations for one transit and the number of groups per integration
suggested by PANDEXO following the optimize option. The number of
groups per integration is 13, 14, and 25 for G140H, G235H, and G395H
respectively. Once the observations are simulated using PANDEXO, we
proceed bin every two pixels to obtain individual spectral resolution ele-
ments. Subsequently, we remove any resolution elements that fall within
the gaps in the spectral configurations chosen; namely 1.31–1.35 µm for
G140H/F100LP, 2.20–2.27 µm for G235H/F170LP and 3.72–3.82 µm for
G395H/F290LP. After this, we remove any outlier elements with noise
levels above 500 ppm for G140H and G235H, and 400 ppm for G395H.
We proceed to bin the observations every 40 resolution elements, remove
any binned elements that fall within the gaps in the spectral configu-
rations chosen, and obtain an average resolution of R ∼ 70. The syn-
thetic observations have a mean precision of ∼ 26 ppm, ∼ 30 ppm, and
∼ 39 ppm, for G140H, G235H, and G395H, respectively.
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c.2.2 PANDEXO Input for TRAPPIST-1 d

The assumed stellar spectrum is interpolated from the Phoenix Stellar
Atlas assuming Teff = 2566 K (Agol et al., 2021), [Fe/H]= 0.04, Rstar =

0.1170 R⊙ (Gillon et al., 2017), log10(g) = 5.2396 cgs (Agol et al., 2021),
and a K-band magnitude of 10.296. We assume a transit duration of
48.87 minutes (Agol et al., 2021). The in-transit and out-of-transit fluxes
are computed using this stellar spectrum and a a constant transit-depth
model assuming a planet radius of 0.788 R⊕ (Agol et al., 2021).

We maintain the assumption of a saturation limit of 80% full well
and an optimistic noise floor of 5 ppm. We generate the observations
for 10 NIRSpec prism transits and 2 groups per integration. The instru-
ment configuration for PANDEXO uses aperture S1600A1 and subarray
SUB512. We bin every two pixels to obtain individual resolution ele-
ments. We remove any elements with precisions larger than 300 ppm,
leaving elements ≳ 0.7 and ≲ 5.3 µm.

c.3 priors used in chapter 5

As explained in Chapter 4, Section 4.5, the priors for the parameters in
Chapter 5 are mostly standard prescriptions and adopted from previous
studies (e.g., Pinhas et al., 2019; Welbanks et al., 2019, see also Appendix
B). Table 16 presents the parameters and priors used in Chapter 5.

c.4 validation of aurora on hd 209458 b

In Chapter 5, Section 5.1, we validate Aurora’s retrieval capabilities on
the transmission spectrum of HD 209458 b from Sing et al. (2016). Table
17 presents the retrieved parameters for this spectrum under different
model considerations explained in Chapter 5, Section 5.1.
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c.5 posterior distributions for k2-18b using synthetic ob-
servations

We present in Figure 57 the posterior distribution from the retrieval on
synthetic observations of K2-18b as performed in Chapter 5, Section
5.3.2.

Figure 57 Posterior distributions of the relevant parameters for the re-
trieval of synthetic HST-STIS and JWST-NIRSpec observations of K2-18b
(see Section 5.3.2). The retrieval does not assume a H-rich atmosphere.
The input parameters for the true model are shown using vertical dashed
red lines.





D
S U P P L E M E N TA RY I N F O R M AT I O N F O R C H A P T E R 6

Here we report additional information for the retrievals performed in
Chapter 6. Figures 58, 59, and 60 show the retrieved posterior distribu-
tions for the atmospheric retrievals discussed in Chapter 6.

Figure 58 WASP-127b: Marginalized posterior probability densities for
the retrieved species and haze parameters with the reference planet ra-
dius fixed at Rp = 1.37 RJup.
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Figure 59 WASP-33b: Marginalized posterior probability densities for
the detected molecule (AlO) and the molecules for which upper bounds
have been determined (TiO and VO), along with the cloud/haze param-
eters. The posterior distribution for water is included for reference.
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Figure 60 Posterior distribution for the simplified model retrieval of
WASP-21b’s transmission spectrum. This four parameter model is the
highest evidence model and considers absorption due to Na and K only
in a clear isothermal atmosphere. Na and K solar abundance expecta-
tions are shown using black dashed lines.





E
S U P P L E M E N TA RY I N F O R M AT I O N F O R C H A P T E R 7

Here we report additional information for the retrievals performed in
Chapter 7. Figures 61, 62, 63 show the posterior probability densities
for the different model and data considerations in the retrieval of KELT-
11b. Additional information on the retrieved atmospheric properties of
KELT-11b using models considering instrumental offsets is shown in Ta-
ble 18. Then, Figures 64 and 65 show the posterior probability densities
for the retrieval of HAT-P-41b using a fiducial and simplified model,
respectively.
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Figure 61 Posterior distributions for the constrained chemical species
in the fiducial model retrieval of KELT-11b. Temperature at the top of
the atmosphere T0 from the P-T profile and cloud/hazes parameters are
also shown.
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Figure 62 Posterior distributions for the retrieval of KELT-11b using
HST/WFC3 observations only. The constrained chemical species are
shown. Posterior distributions for the temperature at the top of the at-
mosphere T0 and cloud/hazes parameters are included.
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Figure 63 Posterior distributions for the retrieval of KELT-11b using
HST/WFC3 observations only and assuming a clear and isothermal at-
mosphere.



appendix e 247

Ta
bl

e
1
8

Su
m

m
ar

y
of

R
et

ri
ev

al
s

fo
r

K
EL

T-
1
1
b

C
on

si
de

ri
ng

In
st

ru
m

en
ta

lO
ff

se
ts

.

Sc
en

ar
io

A
bu

nd
an

ce
C

on
st

ra
in

t
D

.O
.F

.
χ
2

p
va

lu
e

BI
C

Fu
ll

M
od

el
A

ll
D

at
a

G
au

ss
ia

n
pr

io
r

ve
rt

ic
al

of
fs

et

lo
g 1

0
(X

H
2

O
)
=

−
4
.0
8
+
0

.4
6

−
0

.5
3

lo
g 1

0
(X

H
C

N
)
=

−
3
.9
9
+
0

.5
1

−
0

.8
1

lo
g 1

0
(X

Ti
O
)
=

−
6
.0
7
+
0

.5
4

−
0

.6
4

lo
g 1

0
(X

A
lO
)
=

−
7
.9
5
+
0

.8
6

−
1

.4
2

Sh
if

t T
ES

S
=

6
7

.9
8
+
5
4

.6
8

−
5
2

.0
0

pp
m

Sh
if

t H
ST

=
−
1
1
0
.8
3
+
4
8

.5
8

−
4
6

.6
1

pp
m

4
2
7

.6
6

1
.4
6
×
1
0
−
5

8
7

.2
3

Fu
ll

M
od

el
A

ll
D

at
a

un
if

or
m

pr
io

r
ve

rt
ic

al
of

fs
et

lo
g 1

0
(X

H
2

O
)
=

−
3
.9
8
+
0

.4
4

−
0

.5
4

lo
g 1

0
(X

H
C

N
)
=

−
3
.8
2
+
0

.4
5

−
0

.5
8

lo
g 1

0
(X

Ti
O
)
=

−
6
.1
7
+
0

.5
6

−
0

.7
6

lo
g 1

0
(X

A
lO
)
=

−
7
.8
7
+
0

.8
7

−
1

.5
1

Sh
if

t T
ES

S
=

4
5

.4
9
+
2
3

.8
4

−
4
0

.9
4

pp
m

Sh
if

t H
ST

=
−
5
8

.9
3
+
2
7

.3
6

−
1
5

.0
2

pp
m

4
3
1

.6
6

2
.2
4
×
1
0
−
6

9
1

.2
3

N
ot

e.
Th

er
e

ar
e
2
3

da
ta

-p
oi

nt
s

in
th

e
co

m
pl

et
e

tr
an

sm
is

si
on

sp
ec

tr
um

(T
ES

S+
H

ST
+S

pi
tz

er
)a

nd
2
1

in
th

e
H

ST
tr

an
sm

is
si

on
sp

ec
tr

um
.F

or
re

fe
re

nc
e,

so
la

r
ab

un
da

nc
es

at
1
2

m
ba

r
an

d
1
7
3
0

K
fr

om
se

lf
-c

on
si

st
en

t
m

od
el

s
in

C
ol

ón
et

al
.(

2
0

2
0

)
ar

e:
lo

g 1
0
(X

H
2

O
)
=

−
3
.4
4

,l
og

1
0
(X

H
C

N
)
=

−
9

.6
2

,l
og

1
0
(X

Ti
O
)
=

−
1
1

.6
3

,l
og

1
0
(X

A
lO
)
<

−
1
4

.
A

dd
it

io
na

lr
et

ri
ev

ed
va

lu
es

fo
r

th
e

re
m

ai
ni

ng
m

od
el

s
fo

r
K

EL
T-

1
1
b

co
ns

id
er

ed
in

C
ha

pt
er

7
ar

e
sh

ow
n

in
Ta

bl
e

9
in

A
pp

en
di

x
E.



248 appendix e

8 7 6 5 4 3 2

log(XH2O)
8 7 6 5 4 3 20.0

0.2

0.4

0.6

0.8

1.0

10 8 6 4 2

log(XNa)
10 8 6 4 20.0

0.2

0.4

0.6

0.8

1.0

10 8 6 4 2

8
7
6
5
4
3
2

10 8 6 4

log(XAlO)
10 8 6 40.0

0.2

0.4

0.6

0.8

1.0

10 8 6 4

8
7
6
5
4
3
2

10 8 6 4

10

8

6

4

2

11 10 9 8 7 6

log(XTiO)
11 10 9 8 7 60.0

0.2

0.4

0.6

0.8

1.0

11 10 9 8 7 6

8
7
6
5
4
3
2

11 10 9 8 7 6

10

8

6

4

2

11 10 9 8 7 6

10

8

6

4

1000 1300 1600 1900

T0
1000 1300 1600 19000.0

0.2

0.4

0.6

0.8

1.0

1000 1300 1600 1900

8
7
6
5
4
3
2

1000 1300 1600 1900

10

8

6

4

2

1000 1300 1600 1900

10

8

6

4

1000 1300 1600 1900

11
10

9
8
7
6

5 4 3

log(Pref)
5 4 30.0

0.2

0.4

0.6

0.8

1.0

6 5 4 3

8
7
6
5
4
3
2

6 5 4 3

10

8

6

4

2

6 5 4 3

10

8

6

4

6 5 4 3

11
10

9
8
7
6

6 5 4 3

1000

1200

1400

1600

1800

2 0 2 4 6 8

log(a)
2 0 2 4 6 80.0

0.2

0.4

0.6

0.8

1.0

2 0 2 4 6 8

8
7
6
5
4
3
2

2 0 2 4 6 8

10

8

6

4

2

2 0 2 4 6 8

10

8

6

4

2 0 2 4 6 8

11
10
9
8
7
6

2 0 2 4 6 8

1000

1200

1400

1600

1800

2 0 2 4 6 8

5.5
5.0
4.5
4.0
3.5
3.0
2.5

15 10 5 015 10 5 00.0

0.2

0.4

0.6

0.8

1.0

15 10 5 0

8
7
6
5
4
3
2

15 10 5 0

10

8

6

4

2

15 10 5 0

10

8

6

4

15 10 5 0

11
10

9
8
7
6

15 10 5 0

1000

1200

1400

1600

1800

15 10 5 0

5.5
5.0
4.5
4.0
3.5
3.0
2.5

15 10 5 0

2
0
2
4
6
8

5 4 3 2 1 0 1

log(Pc)
5 4 3 2 1 0 10.0

0.2

0.4

0.6

0.8

1.0

5 4 3 2 1 0 1

8
7
6
5
4
3
2

5 4 3 2 1 0 1

10

8

6

4

2

5 4 3 2 1 0 1

10

8

6

4

5 4 3 2 1 0 1

11
10

9
8
7
6

5 4 3 2 1 0 1

1000

1200

1400

1600

1800

5 4 3 2 1 0 1

5.5
5.0
4.5
4.0
3.5
3.0
2.5

5 4 3 2 1 0 1

2
0
2
4
6
8

5 4 3 2 1 0 1

17.5
15.0
12.5
10.0
7.5
5.0
2.5
0.0

0.2 0.4 0.6 0.80.2 0.4 0.6 0.80.0

0.2

0.4

0.6

0.8

1.0

0.2 0.4 0.6 0.8

8
7
6
5
4
3
2

0.2 0.4 0.6 0.8

10

8

6

4

2

0.2 0.4 0.6 0.8

10

8

6

4

0.2 0.4 0.6 0.8

11
10
9
8
7
6

0.2 0.4 0.6 0.8

1000

1200

1400

1600

1800

0.2 0.4 0.6 0.8

5.5
5.0
4.5
4.0
3.5
3.0
2.5

0.2 0.4 0.6 0.8

2
0
2
4
6
8

0.2 0.4 0.6 0.8

17.5
15.0
12.5
10.0

7.5
5.0
2.5
0.0

0.2 0.4 0.6 0.8

5
4
3
2
1
0
1

Figure 64 Posterior distributions of the relevant parameters for the full
retrieval of HAT-P-41b (Model 1 in Table 10, Chapter 7) using STIS,
WFC3 and Spitzer data. The abundances of H2O, Na and AlO are con-
strained, while the cloud and haze parameters are not constrained. The
parameter T0, the temperature at the top of the atmosphere (10−6 bar),
is shown as a subset of the P-T parameters used in the model.
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Figure 65 Full posterior distributions for the retrieval of HAT-P-41b us-
ing a simpler model, Model 6 in Table 10, Chapter 7.
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When I Heard the Learn’d Astronomer

When I heard the learn’d astronomer;
When the proofs, the figures, were ranged in columns

before me;
When I was shown the charts and diagrams, to add,

divide, and measure them;
When I, sitting, heard the astronomer, where he

lectured with much applause in the lecture-room,
How soon, unaccountable, I became tired and sick;
Till rising and gliding out, I wander’d off by myself,
In the mystical moist night-air, and from time to time,
Look’d up in perfect silence at the stars.

Walt Whitman (1819–1892)
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