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The vast majority of known transiting exoplanets are extreme worlds with no Solar System

analogs. Take “hot Jupiters,” inflated gas giants orbiting their stars in less than 10 Earth days.

Tidally locked, these planets feature one hemisphere that is constantly irradiated and another that

is constantly dark. Complex, physics-rich simulations predict intertwined physics and chemistry in

hot Jupiter atmospheres (cloud feedback, magnetic drag, and more), spanning micro to planetary

scales. Yet the models currently used for interpreting spectra are comparatively limited. Such

inference tools (“retrievals”) generally assume that hot Jupiters vary radially (if at all), neglecting

spatial inhomogeneities such as stark day–night thermal contrasts. The rapidly increasing volume

of high-quality spectra from both ground and space presents an opportunity: we can now shed our

“1D assumption” and directly measure the 3D processes that set atmospheric inhomogeneity.

After reviewing the motivating physics and typical observational strategies relevant to my

work, this dissertation begins with a set of forward modeling investigations. Chapter 2 focuses on



the case study of WASP-76 b, a now-canonical hot Jupiter. By computing spectra corresponding to

a suite of 3D general circulation models (GCMs), I showed that the previously favored hypothesis,

iron condensation, cannot explain the existing data. Rather, those high-resolution, cross-correlation

spectroscopy (HRCCS) observations are better explained by a combination of clouds and a slight

orbital eccentricity. The next chapter takes a broader view of 3D effects in HRCCS. I demonstrated

that a chemically stable tracer can establish a “baseline” to disentangle the various potential causes

of time-variable HRCCS data. I closed this portion of my work by illustrating how differences

in measured gas velocity — a signature of 3D processes in planetary atmospheres — may also

implicate magnetic fields, an important but rarely measured planetary property.

The middle portion of my dissertation is concerned with retrieval ingredients — namely, their

computational burden, uncertainty budgets, and information content. I first showed that compress-

ing gaseous absorption tables reduces simulation memory consumption by more than an order of

magnitude. The subsequent chapter presents an HRCCS simulator that incorporates spectral con-

tributions from the exoplanet, star, the Earth’s atmosphere, and the instrument. Using this tool,

I found that variations in the Earth’s atmosphere can bias retrieved properties of exoplanet atmo-

spheres. Next, I adapted HRCCS retrieval techniques to JWST spectra. Doing so allowed me to

measure the abundance of CO, in turn enabling inference of robust C/O ratios and metallicities

from exoplanet atmospheres using only a single instrument mode.

Finally, I established which types of spatial variation most strongly sculpt HRCCS retrievals.

By simulating 1D retrievals on a hierarchy of 3D atmospheres, Chapter 8 demonstrates that 1D

retrievals imprecisely approximate the distorted spectral lines of more realistic, 3D atmospheres.

This chapter in particular — and the dissertation in general — paves the way for targeted retrieval

upgrades, advancing efforts to measure the leading-order 3D effects in exoplanet atmospheres.
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Preface

The research presented in Chapters 2–6 has been published as �rst-authored works in peer-

reviewed journals; the text and �gures appear here with only minor modi�cations. The work in

Chapters 7 and 8 will be submitted to AAS Journals in the coming weeks as �rst-author articles.

Chapter 2 appeared in The Astrophysical Journal as “No Umbrella Needed: Confronting the

Hypothesis of Iron Rain on WASP-76b with Post-processed General Circulation Models” (Savel

et al. 2022). For this work, I spectrally post-processed general circulation models, analyzed the

model spectra, and performed the orbital eccentricity analysis. My advisor provided the initial

topic, radiative transfer code, and guidance throughout the project. Other coauthors provided gen-

eral circulation models, opacity �les, and feedback on the text.

Chapter 3 was published in The Astrophysical Journal as “Diagnosing Limb Asymmetries

in Hot and Ultrahot Jupiters with High-resolution Transmission Spectroscopy” (Savel et al. 2023).

I de�ned the asymmetry metric that this work relies on, generated the parameterized atmospheric

models, and performed the chemical calculations. My advisor provided the topic and guidance

throughout the project. Additional coauthors provided the climate models and feedback on the

analysis methods and text.

The work in Chapter 4 was published in The Astrophysical Journal Letters as “A New Lever

on Exoplanetary B Fields: Measuring Heavy Ion Velocities” (Savel et al. 2024b). For this study, I

performed the magnetohydrodynamics analysis, 1D radiative transfer, and photochemistry. Coau-

thors provided feedback on the text.

Chapter 5 was published in The Journal of Open Source Software as “cortecs: A Python

package for compressing opacities” (Savel et al. 2024a). I developed the underlying methodology,

code, and documentation. Coauthors provided feedback on the text.
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Chapter 6 was published in The Astronomical Journal as “Peering into the Black Box: For-

ward Modeling of the Uncertainty Budget of High-resolution Spectroscopy of Exoplanet Atmo-

spheres” (Savel et al. 2025). I developed the mock observation simulator and performed the mock

parameter inference (“retrievals”). My advisors provided the topic and guidance throughout the

project. Coauthors provided the retrieval and data-cleaning framework, guidance on how to use it,

and feedback on the text.

The work in Chapter 7 is adapted from a manuscript submitted to the Astrophysical Journal

Letters. I devised the methodology and performed the retrievals presented in this chapter. My

advisor provided guidance throughout the project. Coauthors provided re-reductions of the existing

JWST data and feedback on the text.

Finally, Chapter 8 is a work in preparation. I generated the parameterized atmospheres and

performed the mock retrievals. My advisor collaborated with me on identifying the topic and

provided guidance throughout the project. Coauthors provided general circulation models and

feedback on the text.
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2.1 A schematic diagram of the “toy model” introduced in Ehrenreich et al. (2020).
WASP-76 b is pictured at three different phases (left to right: ingress, center of
transit, and egress). Colder regions of WASP-76 b's atmosphere, where Fe con-
denses and produces no absorption, are the primary regions probed at ingress. Over
the course of its transit, the planet rotates and brings hotter regions, which contain
gas-phase iron, into view for the observer. This geometry makes the strong com-
bined velocity of the trailing limb (� �5:3 km s �1 from winds, � �5:3 km s �1

from rotation) observable as a Doppler blueshift by mid-transit. Atmosphere size
not to scale. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

2.2 1D temperature-pressure (T-P) pro�les of WASP-76 b as output by our 3D GCMs,
with the condensation curves of Mg2SiO4, Fe, and Al2O3 from Mbarek & Kempton
(2016) and terminators overplotted. Though the GCMs' outputs extend to 100 bars,
our radiative transfer is limited to the (plotted) region at pressures less than 1 bar.
Every 20th pro�le is plotted for ease of visualization, resulting in 902 samples
of 18048 total latitude-longitude points. Regions near the substellar point (0� /
360� ) tend to be hotter on average than the rest of the planet, and regions near
the antistellar point (180� ) tend to be cooler on average than the rest of the planet.
Signi�cant scatter at a given longitude is controlled by latitudinal variation. The
GCMs with deeper RCBs tend to have cooler nightsides than those with shallower
RCBs, though all sets have regions in which Fe, Mg2SiO4, and Al2O3 condense
(assuming equilibrium chemistry). Models with weaker drag (i.e., longer drag
timescales) tend to produce much greater asymmetry between the east and west
planetary limbs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

2.3 Maps of atmospheric temperature at the terminator of WASP-76 b for weak (1�107

s) and strong (1�103 s) drag timescales and three phases (ingress, center of transit,
and egress). The planet core is not shown to scale, and we restrict our visualization
to the region that is probed by high-resolution transmission spectroscopy (. 1 bar
— our model domain slightly exceeds 1 bar in some regions, as our post-processed
atmosphere is interpolated onto a grid evenly spaced in altitude). Black dashed
lines correspond to the millibar isobar. As also shown in Figure 2.5, the strong
drag case enforces more overall east-west symmetry in the atmosphere of WASP-
76 b. The temperature inversion that can be seen in Figure 2.2 is also present here
— as would be expected for an ultra-hot Jupiter with high-altitude optical absorbers. 40

2.4 Representative model spectra computed in this study. The bottommost, gray spec-
trum is computed without including Doppler shifts from planetary winds and ro-
tation and includes Fe I and Fe II as the sole opacity sources. The middle, gold
spectrum is the same as the bottom, but now including Doppler effects. The top-
most, maroon spectrum includes Doppler effects and all opacity sources discussed
in Section 2.2.2.2. The inset axis is centered near the Ca II H line (393.4 nm); the
vertical dashed lines indicate the peak of a representative Fe feature for the gray
and gold spectra, respectively. In the optical range of WASP-76 b, the inclusion of
Doppler effects broadens and blueshifts strong lines, such as those depicted. . . . . 44
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2.5 Column-integrated surface density of Fe abundance (�Fe) of WASP-76 b. Each �g-
ure column corresponds to an orbital phase (left to right: ingress, center of transit,
and egress), and each row corresponds to a model run (top to bottom: strong drag,
weak drag, strong drag with condensation, weak drag with condensation, weak
drag with Fe clouds). All models shown have a deep RCB. One scale height clouds
are drawn with a darker gray, and 10 scale height clouds are drawn with a lighter
gray. (In practice, the latter do not achieve a full thickness of 10 scale heights be-
cause the upper atmosphere of WASP-76 b presents conditions incompatible with
iron condensation — see text for more information.) The strong drag case is more
symmetric, especially at center of transit, than the weak drag case. . . . . . . . . . 51

2.6 Normalized cross-correlation functions of VO (gray), Fe I (black), and Ca II (gold).
Note that while the CCFs of Fe I and Ca II have clearly de�ned peaks (indicated by
vertical dashed lines), the VO CCF is very noisy, with no discernible peak value.
Most of our computed CCFs are similarly bimodal in quality. . . . . . . . . . . . . 54

2.7 Representative planet-frame Doppler shifts as a function of orbital phase for our
Fe-only models, as computed by our cross-correlations of forward-modeled spec-
tra. Overplotted are data from the Ehrenreich et al. (2020) WASP-76 b observa-
tions and their corresponding 1� error bars (corresponding to the top panel of that
work's Extended Data Figure 7). Our worst-�tting model consistent with our GCM
has strong drag (�drag = 1e3 s) and a shallow RCB (solid gray line). Conversely,
our best-�tting model consistent with our GCM has weak drag (�drag = 1e7 s) and
a deep RCB (dashed teal line). Finally, our best-�tting model with 1 scale height
clouds inclusive of condensation effects has weak drag, a deep RCB, and Al2O3

composition (dotted gray line). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
2.8 Terminator line-of-sight velocity maps of our deep RCB WASP-76 b GCMs, in-

cluding contributions from both winds and rotation, plotted in the style of Fig-
ure 2.3 (two drag timescales and three phases). Our (Fe) modeled clouds are over-
plotted as a gray band in the bottom row, for the 10 scale height implementation.
Our clouds, as opposed to our wind �eld, is not a terminator slice, but rather a
depiction of every (projected) sightline that intersects a cloud in the full 3D geom-
etry. As in maps depicting other quantities, the line-of-sight velocities are more
symmetric for the high-drag case, while they are more asymmetric for the weak-
drag case. Stronger blueshifting is further present at egress than ingress for the
weak-drag case. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

xiv



2.9 Center-of-transit Doppler shifts for all models explored in this work. From left to
right, we show the effect of increasing the drag timescale of our GCM (i.e., de-
creasing the effect of drag within the atmosphere). Within a given row, we include
gas-phase condensation for some models (“True” vs. “False”), as described in Sec-
tion 2.2.2.4. For the weakest drag timescales, we also explore the effect of placing
optically thick clouds above different species' condensation curves (Mg2SiO4, Fe,
and Al2O3), as described in Section 2.2.2.4. Cells representing models that are not
computed are �lled in black. The upper sets of models presented here only includes
iron as a spectral opacity source (“Fe-only”), whereas the lower sets of models in-
clude all gas opacity sources discussed in Section 2.2.2.2 (“Full Species”). For
our full species models, we explore the effect of cross-correlating against different
single-opacity template spectra (e.g., “Full species: Fe” convolves against a full
species spectrum against an Fe template) and increasing our clouds' scale heights
(left to right: 1, 5, 10 scale heights). The strongest blueshift is detected for the
all-species model / Fe cross-correlation mask with condensation on, and 10 scale
height thick Al2O3 clouds. Aside from the top row, all models are computed with
a deep RCB. For reference, the observed transit-averaged Doppler shift identi�ed
by Tabernero et al. (2021) via Fe cross-correlation is �8:25 � 0.25 km s�1 for the
�rst analyzed transit (T1) and �8:75 � 0.56 km s�1 for the second analyzed transit
(T2). Line analysis by Tabernero et al. (2021) in T1 yielded Doppler shifts of 4.1
� 5.1 km s �1 and �4:4 � 2.5 km s �1 for the Ca II H&K lines, respectively. T2
analysis produced Doppler shifts of 1.0 � 3.0 km s�1 and �2:1 � 1.9 km s �1 for
these lines. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

2.10 Phase-resolved CCFs of our spectra including all opacity sources. Subplot (a) is the
strong drag case, subplot (b) is the weak drag case, subplot (c) showcases the weak
drag case for varying cloud treatments (only convolving with an Fe template), and
subplot (d) compares the condensation on/off cases. Most species with detectable
CCFs follow the Doppler trend of Fe I, with the notable exception of Ca II. Note
that the CCF of Ca II is too noisy to �t during ingress in subplot (c). As in the
Fe-only models, introducing thick clouds to our full-species spectrum reproduces
the sharp jump in Doppler shift noted by Ehrenreich et al. (2020) and Kesseli &
Snellen (2021), and the condensation effect alters the �t for condensed species
depending on whether clouds are included; non-condensed species are unaffected
by condensation treatments. Our best-�tting model (up to 10 scale height Al2O3

clouds, weak drag, condensation on, deep RCB) is shown in black in panel (d). . . 65
2.11 Doppler shifts investigated by Tabernero et al. (2021) in comparison with the lines

from the forward models in our study. Including 10 scale height, gray Fe clouds in
our model (purple squares) blueshifts our lines to varying degrees across species.
The weak drag models are slightly preferred over the strong drag case. Although
endmembers of drag (teal circle for strong drag, teal diamond for weak drag) are
plotted for clarity, intermediate drag seems to be slightly more consistent with the
observed Doppler shift data overall. . . . . . . . . . . . . . . . . . . . . . . . . . 66
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2.12 Height of lines investigated by Tabernero et al. (2021) in comparison with the lines
from representative forward models in our study. Our strong drag case is plotted
with teal circles, whereas our weak drag case is plotted with teal diamonds. Most
of our lines are consistent with the Tabernero et al. (2021) line heights — with
the exception of the Ca II lines, which have observed heights consistent with an
escaping atmosphere that extends beyond our model domain. . . . . . . . . . . . . 66

2.13 Similar to Figure 2.7, but now including the effect of a small eccentricity, both
with (maroon lines) and without (teal lines) clouds. Circular orbit models are plot-
ted with dashed lines; best-�t, eccentricity-inclusive models are plotted with solid
lines; and MCMC posterior draws are plotted in faded lines. Our best-�t com-
bination of eccentricity and longitude of periastron (solid teal) is consistent with
observations (West et al. 2016; Fu et al. 2021). This work's best explanation of
the Ehrenreich et al. (2020) Doppler shift signature includes 10 scale height Al2O3

clouds, condensation, and a small eccentricity. The models shown here both in-
clude weak drag and a deep RCB. . . . . . . . . . . . . . . . . . . . . . . . . . . 73

3.1 Asymmetry (as de�ned in Equation 3.1) of all chemical species considered in this
study in our parameterized atmospheres at an equilibrium temperature of 2200 K.
These models do not self-consistently in�ate the hotter limb of the parameterized
model (i.e., they do not observe the “scale height effect”). The shading of each
species represents the normalized temperature difference,~�T , across the two limbs
of our parameterized atmospheres; the lightest boxes have~�T = 0:1, whereas the
darkest have~�T = 0:6. For illustrative purposes, we color in green tick marks
for species with detections noted in Guillot et al. (2022) (and including the recent
CO2 detection; Ahrer et al. 2022). We also draw a vertical line denoting 0 asym-
metry. Without taking the scale height effect into account, positive ions form much
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species and reach the greatest asymmetry values. . . . . . . . . . . . . . . . . . . 89

3.2 Similar to Figure 3.1, but now including the scale height effect (in�ating the hotter
limb in our parameterized models). Now, all species have asymmetries that favor
the hotter limb (negative asymmetry)—simply because the hotter limb subtends
more solid angle on the sky. However, there still exists inter-species variability in
asymmetry, implying that the scale height effect does not entirely swamp genuine
differences in equilibrium chemistry across limbs. Furthermore, negative ions still
have larger asymmetries than positive ions or neutral species. . . . . . . . . . . . 90

3.3 Asymmetry (per Equation 3.1) for Sr II, Al, H2O, and CO in our parameterized
atmospheres. Our grid sweeps over equilibrium equilibrium temperature and nor-
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3.4 Volume mixing ratio of CO as a function of pressure and temperature as calculated
by FastChem. Overplotted are the onset of ultra-hot Jupiters (as de�ned by their
dayside temperature; Parmentier et al. 2018), the CO/CH4 equivalency curve from
Visscher (2012) as a function of pressure, the Fe condensation curve from Mbarek
& Kempton (2016), and 1D temperature–pressure pro�les for a hot Jupiter (WASP-
39b) and an ultra-hot Jupiter (WASP-18b) as computed with HELIOS (Malik et al.
2017). Both the condensation curve and the equivalency curve are computed at
solar metallicity. Considering the regime of ultra-hot Jupiter atmospheres, CO is a
relatively stable chemical species. . . . . . . . . . . . . . . . . . . . . . . . . . . 97

3.5 Atmospheric Doppler shifts, which should remain in the HRCCS signal after the
orbital motion is subtracted, as a function of orbital phase for our forward models.
Shown are representative species that span Doppler shifts and are noted as poten-
tially observable by Kesseli et al. (2022): Fe, Sr II, and Sc. Cloud-free models
are represented with solid lines, whereas models with fully cloudy morning limbs
are represented with dashed lines. The �rst half of transit (RV1) and second half
of transit (RV2) Doppler shifts for Fe from Kesseli et al. (2022) are overplotted as
horizontal lines, with width determined by observational errors. Our cloudy mod-
els are much more strongly blueshifted than their cloud-free counterparts, become
less blueshifted over transit, and do not have signi�cant CCF peaks at early phases. 102

3.6 Single-species (OH, CO, H2O, HCN) 3D forward-modeled spectra of WASP-76 b.
These spectra are simulated over the CARMENES waveband and resolution. Doppler
effects are not included in these spectra, which are modeled at center of transit.
H2O is the dominant absorber in this bandpass, followed by OH. HCN exhibits no
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3.7 CCFs of individual species averaged over two phase bins. Each column corre-
sponds to different species (OH, CO, H2O), and each row corresponds to different
bin selection: without including ingress and egress, including the full transit, and
only including ingress and egress. Central bars between the CCFs are colored blue
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(1.55 km/s, in black; Kesseli et al. 2022); otherwise, they are colored red. In our
models, CO only displays detectable CCF differences when only including ingress
and egress. The SNR in each plot refers to the difference between the two phase
bins' CCF peaks relative to the optimal Doppler shift errors. . . . . . . . . . . . . 107

3.8 The net Doppler shifts of Kesseli et al. (2022) (error bars) as compared to this
work's models (crosses). The �rst phase bin is drawn thinner than the second phase
bin; observed phase bins are connected by a dotted line for visibility's sake. The
species are ordered and colored by total observed detection SNR. Rows without
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3.9 Modeled phase-resolved Doppler shifts for select NIR-absorbing species, with rep-
resentative error bars (Ehrenreich et al. 2020) drawn on. We �nd that OH and H2O
have distinct Doppler signatures from CO; however, OH and H2O have Doppler
shifts that are indistinguishable from one another with current best-case error bars
(e.g., Ehrenreich et al. 2020). Considering CO as a “baseline species” here allows
one to better understand how H2O and OH may change through the atmosphere. . . 111

3.10 Results of an investigation into anomalous Ca II blueshift between different model
runs. In panel (a), it can be seen that forward models that include absorption due
to Sc opacity yield a larger Ca II blueshift than models that lack Sc (Fe Doppler
shift is included for comparison). Panel (b) illustrates the cause of this anomalous
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sults imply that overlapping line pro�les can subtly contaminate calculated Doppler
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4.1 Calculated properties of the model atmosphere described in Table 4.2. Left:
the limb temperature–pressure structure calculated with HELIOS (Malik et al.
2017, 2019). Regions where the atmosphere is convective are highlighted in or-
ange. Pressures generally probed in high-resolution transmission spectroscopy
(e.g., Kempton et al. 2014; Gandhi et al. 2020; Hood et al. 2020; Wardenier et al.
2023) are �lled in green. Middle: free electron volume mixing ratio calculated by
FastChem equilibrium (in black; Kitzmann et al. 2024) and VULCAN disequilib-
rium (shaded blue; Tsai et al. 2021) chemistry. We run VULCAN over a wide range
of parameters—hence, there is a width to this region. Right: ion–neutral velocity
difference (Equation 4.11), calculated under equilibrium and disequilibrium chem-
istry assuming two B �eld strengths. The gold line indicates the approximate min-
imum detectable velocity difference via high-resolution spectroscopy (e.g., Ehren-
reich et al. 2020). The width of the disequilibrium chemistry grid is due almost
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5.2 Top panel: The original opacity function of CO (Rothman et al., 2010) (solid lines)
and its cortecs reconstruction (transparent lines) over a large wavelength range
and at multiple temperatures and pressures. Bottom panel: the absolute residuals
between the opacity function and its cortecs reconstruction. Note that opaci-
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6.7 A set of spurious HCN signals in our baseline simulations. The maxima of these
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8.1 Schematic of our simulation pipeline. We begin with a 3D model of the atmosphere
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Chapter 1: Introduction

1.1 The �rst known exoplanets: hot Jupiters

Planetary scientists in 1994 had ample reasons to be pleased. After decades of work, a

hard-won theory of the Solar System's formation had emerged. There were still details to work

out — how to make Mercury, for instance — but the �eld could elegantly explain a vast array

of observations. An example is one of the most obvious features in the Solar System: models

explained how gaseous planets formed far from the Sun, and rocky planets formed closer (Mizuno

1980; Bodenheimer & Pollack 1986). Some even called this growing consensus a “Standard Model

of Planet Formation” (Wetherill 1990).

Parallel to the effort to understand our Solar System was an effort to �nd other such systems

— i.e., planets orbiting other stars. Astronomers had cataloged stars for thousands of years, galax-

ies for (arguably) centuries, and the cosmic microwave background for decades, yet by the early

1990s we had found only planets that orbited our Sun. Such searches were powered by a strong

intuition: why would we be so lucky to be the only Solar System? Given our understanding of

planet formation at this point, there was no reason to think that the processes that form our system

would not be universal.

Intuition does not necessarily translate to detection, and this dissonance was re�ected in the

dif�culty of �nding exoplanets. Given that we knew from �rsthand experience that the Solar Sys-

tem could form, many initial searches explicitly targeted Solar System analogs.1 The observational

signatures of planets like those in our Solar System are quite small; this fact, in addition to the long

1By 1994, we had already found the �rst planetary-mass objects outside the Solar System (Wolszczan & Frail
1992). But these objects are quite odd. They orbit a low-mass stellar corpse — a “pulsar.” This discovery, while
especially exciting to those in the burgeoning exoplanet community, was not so shattering as later detections, as that
the pulsar planets provided little contextual information about the Solar System. That is, they did not tell us whether
or not the Solar System is unique. The search continued for planets that orbited stars similar to our Sun.
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Figure 1.1: Exoplanets with measured masses and orbital periods, colored by equilib-
rium temperature if available (retrieved from the NASA Exoplanet Archive on April
8, 2026). 51 Pegasi b, the �rst exoplanet found around a Sun-like star, is marked
with a golden star. Detection biases skew the distribution of known planets toward
hot Jupiters (Dawson & Johnson 2018). These exoplanets drastically differ from the
Solar System planets (shown, not to scale). It remains to be seen how well our Solar
System-centric atmospheric theory extends to these extreme worlds.

temporal baselines required to detect Solar System analogs, led to decades of non-detection and

the occasional spurious signal.

1995 marked the discovery of the �rst exoplanet orbiting a Sun-like star (Mayor & Queloz

1995). This object was not an ice giant like Neptune, a barren rock like Mars, or a water-rich, tem-

perate world like Earth. It was a hot Jupiter — hotter than Venus, larger than Jupiter, on a tighter

orbit than Mercury, and a direct challenge to our understanding of planetary bodies (Fig. 1.1). That

�rst object, 51 Pegasi b, orbits its star in just 4.2 Earth days and maintains a staggering temperature

of � 1300 Kelvin (1880� Fahrenheit). It is “spin-synchronized” — the gravity is so strong in this

tight orbit that one side of the planet experiences permanent day, and the other permanent night.2

Decades later, much of exoplanet science still seeks to understand how such extreme planets

2This state is also referred to as “tidal locking,” which more generally refers to spin–orbit resonances such as 3:2.
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form, what their chemical makeup may be, and how energy is redistributed within them. The na-

ture of these astrophysical objects has broad rami�cations. Perhaps most pressingly, hot Jupiters

strongly test our Solar System models, helping us determine whether our theories are genuinely

predictive or simply tuned to a small sample of 8 well-measured objects. My dissertation focuses

on the models that we use to measure the properties of hot Jupiter atmospheres: their temperatures,

compositions, and wind speeds. I argue that these models are incomplete. Without improving

them, we will not be able to understand either the exoplanet population or our Solar System in

context. To understand these connections, we must examine three key domains: planetary forma-

tion, atmospheric chemistry, and atmospheric dynamics.

1.2 Why do we study hot Jupiter atmospheres?

A mildly opportunistic reason to examine hot Jupiter atmospheres is simply because we can;

these objects are quite observationally favorable with current technology. However, they are also

very interesting from physics and chemistry perspectives.

1.2.1 Hot Jupiter formation

51 Pegasi b faced substantial scrutiny upon its discovery. But as subsequent observations

identi�ed many more such planets (Butler et al. 1997, 1998; Fischer et al. 1999; Mazeh et al. 2000),

the scienti�c community had to confront the implications of the existence of such odd objects. A

primary reason that the existence of hot Jupiters initially seemed implausible to some scientists —

and exciting to others — was that their formation seemed unlikely. To appreciate this point, let us

examine how planets are expected to form.
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Imagine a large, roughly spherical ball of gas — a molecular cloud in the Milky Way. It

rotates slowly in some direction due to its previous history of interactions in the galaxy. Once it

cools enough, thermal pressure in its interior can no longer counteract gravity, and the cloud begins

to collapse. As it collapses, it rotates faster; think of a �gure skater pulling in their arms. And as

it rotates faster, it collapses into a plane; in the radial direction, the disk is centrifugally supported,

whereas it can collapse more freely along the rotation axis.3 We then arrive at a protoplanetary

disk orbiting a young star, which ignites once the density at the core is great enough to kick-start

nuclear fusion. This disk is sustained for up to 10 Myr before dissipating (Ribas et al. 2015).

In this disk of gas and dust, two main pathways have been proposed for forming planets:

gravitational instability (e.g., Boss 2001) and core accretion (e.g., Pollack et al. 1996). In the

gravitational instability paradigm, planets form much like stars do. This picture maintains that

overdense clumps of gas collapse upon themselves due to self-gravity. In contrast, under core

accretion, planets are built “bottom-up”: solids collide, stick, accrete, and grow until they reach

enough mass to gravitationally capture gas from the disk (“runaway gas accretion”).

Let us now assess why in-situ formation appeared so unlikely for hot Jupiters. Gravitational

instability may proceed if Toomre's Q parameter dips below 1 (Safronov 1960; Toomre 1964):

Q =
cs


�G�
; (1.1)

where � is the surface density of the disk, G is the gravitational constant, cs is the sound speed, and


 is the orbital angular velocity. Plugging in typical values near 51 Pegasi b's orbit and following

expectations from the Solar System's planet-forming disk (Weidenschilling 1977) yields Q � 200

3Real protoplanetary disks do not exist in isolation. For instance, nearby gaseous material can substantially torque
disks, leading to warped morphologies (Thies et al. 2011; Kuffmeier et al. 2021; Gupta et al. 2023).
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— well into the stable regime. The problem with forming planets here is that the gas in this region

is very hot (stabilizing the gas against collapse), and the orbital rate around the star is very fast

(also stabilizing the gas against collapse). It therefore seems unlikely that gravitational instability

works well at hot Jupiters' current orbits.

Now for core accretion, let us consider how much mass can be accreted near 51 Pegasi b's

current orbit. The isolation mass, Miso , describes how much mass a forming planetary body can

gather from the protoplanetary disk near its orbit (Pollack et al. 1996):

M iso �
a3� 3=2

M 1=2
�

: (1.2)

Plugging in appropriate values yields an isolation mass just 10% of Earth's mass — not close to

the �10 Earth masses required for runaway gas accretion (Ra�kov 2006). In this case, the forming

planet is too close to its host star, so the annulus in which it resides contains too little planet-

forming material. This exercise demonstrates that it would be dif�cult to build a hot Jupiter via

core accretion at current-day semimajor axes.

Caveats to the above arguments certainly do exist, and in-situ formation is not entirely ruled

out for all hot Jupiters (e.g., Bodenheimer et al. 2000; Batygin et al. 2016; Boley et al. 2016).

But the prevalence of hot Jupiters provided ample motivation to �nd other, more ef�cient ways

to create such objects. The trick seems to lie in planetary migration (Lin et al. 1996); rather than

being formed where they are, hot Jupiters are formed farther from their host stars (presumably at

distances to where our own giant planets are found), are delivered to their current locations by

some mechanism, and are parked there by some (perhaps related) mechanism. The details are

still under debate, but there is substantial evidence that at least one migration pathway is at play
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Figure 1.2: Changing disk chemistry as a function of radius, fromÖberg et al. (2011).
As distance from the disk center increases, the disk becomes colder, and different
gaseous species freeze out (water, carbon dioxide, and carbon monoxide “ice lines”
are indicated here). As these molecules are removed from the gas phase, they de-
plete the remaining gas of those atoms and alter the proportions available as solids.
Exoplanets forming at different positions in the protoplanetary disk, then, may retain
compositional clues as to their origins.

(Dawson & Johnson 2018).

Planetary migration is notoriously dif�cult to model in detail (Morbidelli & Raymond 2016).

Studying the atmospheres of planets may help; the considerable information content of atmo-

spheric observations (Batalha & Line 2017) implies that they could play a role in resolving ques-

tions about formation. In particular, the formation location of hot Jupiters may leave imprints on

their current chemical compositions. Static protoplanetary disk models predict that planets that

form beyond the so-called “ice lines” — regions in the disk where different gases freeze out —

will more easily accrete those elements as solid material. A planet that forms beyond the water ice

line, for instance, may be enriched in oxygen (Fig. 1.2;Öberg et al. 2011). Hot Jupiters are espe-

cially privileged among exoplanets in this regard. Many host atmospheres hot enough to sustain

refractory species in the gas phase, and the comparison of refractory to volatile species can yield
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additional hints as to planet formation (Lothringer et al. 2021; Chachan et al. 2023). This is a very

active area of research, and a great deal of effort is being spent to make these connections clearer

in light of the complex and sometimes stochastic nature of planet formation (e.g., Mordasini et al.

2016; Molli�ere et al. 2022; Feinstein et al. 2025; Boss 2026; Li et al. 2026).

The formation of hot Jupiters is therefore still far from solved. Importantly, this problem is

related to how planetary systems form in general. Giant planets are the “movers and shakers”4 of

planet formation: they are massive enough to carve gaps in planet-forming disks, block inward-

streaming dust, scatter other planetary-mass bodies, and migrate inward and outward (Raymond

& Morbidelli 2022). Indeed, Jupiter's migration may have sculpted our own Solar System's archi-

tecture and enabled the delivery of Earth's oceans (Walsh et al. 2011; O'Brien et al. 2014; Brasser

et al. 2018). Given their elevated importance in planet formation, it behooves us to understand how

giant (exo)planets form and migrate.

1.2.2 Hot Jupiter chemistry

If we accept that hot Jupiters do form, what might they be made of? Smaller planets can be

more complicated,5 but we generally assume that hot Jupiters are balls made of predominantly hy-

drogen and helium. One can appeal to a variety of formation arguments to arrive at this conclusion

in detail, but it suf�ces to say that these two gases are far more cosmically abundant than others.

So, assembling a large volume of gas will necessarily gather quite a bit of hydrogen and helium.

What about the other, trace species? The simplest approach would be to assume that the

material exists in the same proportions as in the host star, as both planet and star formed from

4I �rst heard this framing from Dr. Marta Bryan.
5Higher metal fractions from formation, outgassing, atmospheric escape, and bombardment by icy bodies are some

muddling factors, to name a few.
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the same cloud of material. The processes involved in planet formation may severely complicate

this picture. Under the core accretion paradigm, there should exist an inverse correlation between

a planet's mass and its metallicity, the abundance of elements heavier than helium (Ida & Lin

2005); a simple argument for this correlation is that higher-mass objects dilute their metal mass

with nebular hydrogen in greater quantities.

While formation sets the initial atomic abundances of the system, atmospheric chemistry

controls what molecules, atoms, and ions we observe today. The equilibrium chemistry approach

is reasonable for a �rst-order estimate of the proportions of these different chemical species. Each

chemical reaction rate has a change in Gibbs free energy (the maximum “usable” work a system

can perform) associated with it. We can therefore balance the reaction rates in a way that minimizes

the whole system's Gibbs free energy. This is the equilibrium state: if perturbed, the system would

seek to return to its energy minimum (Gibbs 1878).

This equilibrium state is modi�ed by disequilibrium chemical processes. Vertical motions in

the atmosphere can “quench” chemistry — if the mixing rate is faster than the chemical reaction

rate, the composition of gas at some pressure can actually be controlled by the composition of

gas at some far deeper pressure, instead of local conditions (e.g., Prinn & Barshay 1977; Moses

et al. 2011; Miles et al. 2020). Photochemical processes can further modify the lowest pressures

in the atmosphere; for instance, high-energy photons can dissociate molecules, whose constituents

then rapidly form chains that they otherwise would not. Through vertical mixing, these species

can then impact lower regions of the atmosphere than where the photolysis reactions actually

take place (Yung et al. 1984; Gautier & Owen 1989; Zahnle et al. 2009; Miller-Ricci Kempton

et al. 2012; Morley et al. 2013; Tsai et al. 2021). Although equilibrium chemistry is a sensible

�rst guess of an atmosphere's composition, this diversity of atmospheric processes can pull an
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atmosphere's true chemical state far from those predictions. Hot Jupiters may be less affected by

these processes, though. Because their atmospheres are so hot, and because chemical reactions

are faster at higher temperatures, these are the least likely exoplanets to be strongly in�uenced by

disequilibrium effects.

Hot Jupiters therefore host rich chemical environments, offering an opportunity to test our

chemical models in an extreme regime. Chemistry is a very stiff problem (e.g., Hu et al. 2012;

Wogan et al. 2025) — missing even a few reaction rates can produce greatly different predictions.

Furthermore, it is not yet clear how our understanding of photochemistry and mixing translates to

planets orbiting stars with different energy outputs from the Sun and driven into distinct circulation

regimes. It is therefore crucial that we take advantage of opportunities such as these exoplanets to

re�ne our chemical understanding of atmospheres in general.

1.2.3 Hot Jupiter climate

Relatively simple physical arguments can demonstrate the possible complexity of hot Jupiter

atmospheric structure. Let us begin from the most straightforward possible setup: an isolated,

isothermal blob of gas.

1.2.3.1 1D Thermal structure

Imagine a planetary-mass ball of gas at the same temperature (i.e., isothermal) alone in a

vacuum. Such a self-gravitating sphere would eventually settle into hydrostatic equilibrium: the

force due to a gradient of pressure in the atmosphere being equally opposed by the gravitational

force. The description of this body's large-scale climate would essentially end here.
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Figure 1.3: Cloud-free hot Jupiter dayside thermal structures calculated with the
HELIOS (Malik et al. 2017, 2019) 1D radiative–convective equilibrium code. The
modeled planet is 51 Pegasi b-like but orbits a Sun-like star at a = 0:018 AU. Given
the astrophysical setting, these plausible thermal structures are determined by gas opac-
ity; including gases that strongly absorb optical light creates a thermal inversion (red).
The hot deep atmosphere is due to the substantial interior entropy inferred for hot ex-
oplanets (Thorngren et al. 2019a). The exact physics and chemistry that controls the
transition between these two classes of thermal structures remains unknown.
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Planets orbiting stars, however, are not kept isothermal in a vacuum. Rather, they are ra-

diatively forced by their host stars' light. From pressures between roughly 1 bar and 1 �bar in

the planet's atmosphere,6 a range of possible thermal structures is allowed, depending on where

this stellar energy is deposited (e.g., Hubeny et al. 2003; Fortney et al. 2008; Malik et al. 2019).

If the atmosphere is composed of gas that very strongly absorbs stellar radiation, the energy will

be deposited high in the atmosphere; this leads to a thermal inversion, or stratosphere. Energy

balance dictates that such upper-atmospheric heating is accompanied by lower-atmospheric cool-

ing. This feature is analogous to Titan's anti-greenhouse effect, wherein thick hazes heat the upper

atmosphere and cool the surface (McKay et al. 1991). If there are no such optical absorbers in the

atmosphere, the thermal structure will (roughly) monotonically decrease with increasing altitude

(Fig. 1.3) This is the greenhouse effect: infrared absorbers prevent outgoing thermal radiation from

escaping to space, warming the lower layers relative to the upper atmosphere.

Stellar radiation is not the only source of heat for planetary bodies; energy upwells from deep

within the planet, as well. Firstly, planet formation is a violent process (Canup 2004), and heat

from those initial collisions is slow to dissipate from the deepest regions of planets. Furthermore,

radioactive decay of elements sequestered in the interior can provide energy over long timescales

(Davies & Davies 2010). Hot gas giants feature an additional, mysterious source of interior heat

�ux. While its effect on the planetary population is evident (e.g., Thorngren et al. 2019a), its exact

mechanism remains unclear to this day (Thorngren 2024). Compelling options include delayed

contraction (e.g., Chabrier & Baraffe 2007), Ohmic dissipation (e.g., Batygin & Stevenson 2010),

hydrodynamic mechanisms (e.g., Sainsbury-Martinez et al. 2019), and tidal effects (e.g., Leconte

et al. 2010). Regardless of its physical source, high interior �ux produces an interior thermal pro�le

6I will return in the �nal chapter of this dissertation to the question of lower pressures.
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that increases in temperature as pressure increases. And if the conditions for convection are met,

for instance the Schwarzschild Criterion (Schwarzschild 1958):

�
dT
dz

<
g
cp

; (1.3)

for temperature T as a function of altitude z, gravity g, and speci�c heat capacity cp, then large-

scale convective motions are driven within the atmosphere. These motions pin the temperature

structure along that region to an adiabat, in which parcels in the atmosphere move without ex-

changing heat with their surroundings. Within the convective regions, the thermal structure follows

the dry adiabatic lapse rate as a function of pressure, P , and gas mass density �:

dT
dP

=
T

�c pP
: (1.4)

We therefore arrive at a typical predicted temperature–pressure structure for a hot gas giant

atmosphere (Fig 1.3): a deep convective adiabat that smoothly connects to an upper atmosphere,

which is largely controlled by the interplay of opacity (i.e., chemical mixtures) and radiation.

1.2.3.2 Atmospheric dynamics

The pure radiative–convective solution described above can be substantially modi�ed by

atmospheric dynamics. In spin-synchronized planets, the symmetry of the system is most notably

broken by two factors: day–night thermal contrast and rotation (Showman et al. 2020). The thermal

forcing sets up standing planet-scale waves. Planetary rotation introduces vorticity on the largest

scales, organizing the �ow into complex large-scale features (Fig. 1.4).

Why do such large-scale motions arise? Although explaining such motions in detail requires
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Figure 1.4: The 3D abundance of H2O (left) and thermal structure of WASP-76 b
(right) predicted by the R-M GCM (Beltz et al. 2021) and FastChem (Stock et al.
2018). 0o is the substellar longitude; the center of each panel is the antistellar point
(on the planetary nightside). Overlaid in gray in the left column are the longitudes and
pressures probed by transmission spectroscopy (Section 1.3; Wardenier et al. 2022).
These regions bracket sharp compositional gradients and are notably distinct from one
another. This rich structure cannot be predicted by 1D climate models (Fig. 1.3) and
motivates the search for 3D effects in hot Jupiters.

13



solving complex nonlinear equations, we can motivate why this problem is interesting with a sim-

ple comparison of relevant scales.

First, we have the radiative timescale (Showman & Guillot 2002):

� rad �
Pcp

4g� B T3
; (1.5)

for the Stefan-Boltzmann constant �B . This quantity describes how quickly a parcel of gas in the

atmosphere will radiate away heat in excess of radiative equilibrium. At 1 bar on 51 Pegasi b, such

a process would take more than 2 days; at 1 �bar, it would take less than a second.

Next, consider the amount of time that winds moving at some characteristic velocity u could

redistribute heat around a planet of radius Rp:

� advect �
Rp

u
: (1.6)

Comparing these timescales illustrates the regimes in which heat is effectively or ineffec-

tively transported throughout the atmosphere (Showman & Guillot 2002).7 For 51 Pegasi b, if we

assume that wind moves approximately at the sound speed, we arrive at roughly 3 km s�1 . So at 1

bar, �advect << � rad , whereas the converse is true at 1 �bar.

Deepest down, as mentioned previously, the entire atmosphere is convective. At pressures

deeper than the radiative-convective boundary (RCB), the planet can ef�ciently mix entropy across

large spatial scales. Therefore, all latitude–longitude points are expected to conform to roughly the

same adiabat in a time-averaged sense.

7While there are issues with this timescale comparison (Perez-Becker & Showman 2013; Komacek & Showman
2016), it is suitable for building intuition for this problem.
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Now let us brie�y examine some of the relevant circulation regimes. The Rossby number

indicates the ratio of Coriolis to inertial forces in an atmosphere:

Ro =
u

Lf
; (1.7)

for some length scale L and Coriolis parameter f = 2
 sin(�), for rotation rate 
 and latitude

�. At the mid-latitudes of 51 Pegasi b, Ro � 2; it is not a planet whose circulation is dominated

by rotation. Other, faster-rotating planets exhibit values of Ro that approach unity. The nonlinear

advective accelerations and Coriolis accelerations compete in this regime.

As a �nal quantity, we consider the Rhines scale. This value describes the scale over which

a coherent, horizontal jet (like Jupiter's bands) can be stable (Rhines 1975; Cho & Polvani 1996;

Lian & Showman 2008):

L r = �

r
2u
�

; (1.8)

where � is the meridional gradient in the Coriolis parameter. For 51 Pegasi b, Lr > R p, which

implies that only one jet dominates the �ow.

Taken together, these scales imply that there is a large thermal contrast in hot Jupiter atmo-

spheres that can be (partially) regulated by atmospheric �ow. Such �ow may be controlled by

planetary-scale waves, and there may exist planetary-scale jets. Winds effectively homogenize the

deep atmosphere (near the infrared photosphere), whereas the atmosphere is closer to radiative

equilibrium at lower pressures (near 1 �bar).

What is the nature of these waves and jets? It turns out that the two phenomena are linked.

The spin-synchronized state of a hot Jupiter sets up two dominant, standing waves. The �rst is
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Kelvin waves, which straddle the equator, propagate eastward, and are restored by the gravitational

force. The second major planetary wave is Rossby waves. These waves move as gyres in the mid-

latitudes and propagate westward, and they are restored by gradients in the Coriolis force.

While motivating the extent of jets is not too dif�cult, the mechanism that regulates such

�ows in hot Jupiters is deceptively complex. In brief: because the Rossby waves propagate west

and the Kelvin waves propagate east, the Rossby gyres develop tilts in the mid-latitudes relative to

the radiative equilibrium �eld.8 This tilted wave pattern preferentially pumps eastward momentum

to the equator, accelerating the mean �ow there (Fig. 1.4). This jet can be disrupted when the

radiative timescale is very short (and waves cannot ef�ciently deliver energy to the equator) or if

�uid drag is very strong. In the absence of a jet, �ow can be predominantly divergent, following

the pressure gradient and moving from the substellar point on the planet to the antistellar point

(day–night) (Showman & Polvani 2011).

In practice, we do not predict exoplanet atmospheric dynamics with these timescale argu-

ments and length scales; even �rst-order jet structure is a complex mean �ow–eddy �ow interac-

tion. Analytical methods can capture day–night temperature differences (Komacek & Showman

2016), but the full spatial distribution of the velocity and thermal �elds requires more. We often

use general circulation models (GCMs; Fig. 1.4), most of which obey the “primitive equations” of

meteorology. While the full Navier-Stokes equations describe �uid motions more generally, the

primitive equations apply a number of physically motivated approximations to the Navier-Stokes

equations that are relevant for planetary atmospheres. The primitive equations have been validated

in the Solar System context, so continuing in our Occam's Razor argument, it is sensible to begin

8A second reason is that the three-way force balance between the Coriolis, drag, and pressure-gradient forces
is only satis�ed if the velocity tilts northwest–southeast in the northern hemisphere and southwest–northeast in the
southern.
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from known frameworks that are at least validated in certain contexts.

These main features of exoplanet atmospheric circulation that I have described — day–night

winds and jets — are expected to vary across the exoplanetary population (Komacek et al. 2017).

Pure hydrodynamics arguments �nd that wind speeds should increase as planets get hotter, but we

have yet to �nd decisive evidence that this is the case. Therefore, unsurprisingly, there remains

substantial work to understand the underlying physics. In general: what physics and/or chemistry

is missing from our models that is required to explain exoplanetary climate?

1.3 Inferring the properties of exoplanet atmospheres

The above theoretical arguments may paint an overcon�dent picture of our understanding

of exoplanet atmospheres. While much of the early theory of hot Jupiter atmospheres has proven

prescient (Burrows et al. 1997; Seager & Sasselov 1998, 2000; Brown 2001; Showman & Guillot

2002), I will emphasize that the study of exoplanets has been driven by observational surprise —

going back to the discovery of 51 Pegasi b itself. Theory can help guide observations, interpret

what we see, and provide hints as to the latent structure of the Universe, but we rely on astrophysi-

cal observation to show us which possible theories are re�ected in our Universe. This is especially

true when competing theories, built on differing assumptions, make testable predictions.9

9Assumptions must be made in astrophysics. The reader may wonder: why not simply simulate these bodies in
full, given that we have excellently veri�ed the laws of physics in terrestrial laboratories? Perhaps most pressing
is the computational intractability of fully modeling even an in�nitesimally small patch of the Universe. Cutting-
edge simulations model up to 500,000 atoms at once (Hospital et al. 2015); simulating a cubic meter of exoplanet
atmosphere requires at least 1020� as many atoms. Self-consistently modeling chemistry from �rst-principles physics
would be even worse — it would require simultaneously solving the Schrödinger equation for every atomic nucleus
and all of the electrons. This approach may be excessive, because we could simply model the motions in bulk as a
�uid using the long-held techniques of hydrodynamics and statistical mechanics. But such a model has assumptions
with theoretical and observational rami�cations — and it should therefore be tested!
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1.3.1 Staring at exoplanetary systems

Observing exoplanet atmospheres, it turns out, is nontrivial. Compared to other commonly

studied, self-luminous astrophysical objects (e.g., stars and galaxies), most exoplanets are intrin-

sically faint, intrinsically small, and physically close to their much-brighter host stars. Generally

speaking, we cannot distinguish a planet from its host star by its position on the sky. The classic

comparison is to a lightning bug �uttering next to a lighthouse — the lighthouse's light overwhelms

any signal you might try to measure from the little bug.10 We therefore rely on a few tricks to make

this problem easier: differential measurement and time-resolved measurement. For instance, if an

exoplanet, host star, and observer are aligned just so, the planet will pass between the star and

observer at some point along the orbit. During this primary occultation, or “transit,” the host star's

light is dimmed from the observer's perspective, as a fraction of starlight is absorbed and scattered

by the planet (Fig. 1.5a). This technique enables the indirect measurement of an exoplanet's size.

We can now appreciate why the early years of studying exoplanet atmospheres were so

dif�cult. In sum, to characterize an exoplanet atmosphere, we must measure very small differential

signals, and we must maintain the stability of that measurement over time. In some cases, the

theory of atmospheres was suf�ciently unconstrained to allow a wide range of possible physical

scenarios. Worse yet, the cutting-edge instruments used in the early aughts were developed far

before anyone had detected a single exoplanet. That is, none were designed with exoplanetary

science cases in mind. The Hubble Space Telescope (HST), for instance, can often only capture

10In special cases, with excellent instrumentation, we are able to spatially disentangle a planet from its host star.
Doing so is easiest if the planet is large, hot, and far from its star. These systems turn out to be quite rare (Bowler
2016). While “direct imaging” is not currently the workhorse method of exo-atmospheric characterization, modern
telescopes are pushing the direct imaging technique to smaller, cooler, and older planets (e.g., Matthews et al. 2024;
Crotts et al. 2025; Lagrange et al. 2025).
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(a) A schematic of the physical system. An observer measures an
exoplanet's absorption and emission based on its visibility.

(b) The (noiseless) emergent exoplanetary spectra Doppler shift as the exo-
planet moves through its orbit (which is shown in (a)).

(c) The result of cross-correlating a template spectrum against the spectra
in (b), combining all spectral lines into a net signal strength as a function of
phase (a “trace plot”), tracking the exoplanet's orbit.

(d) A K p–Vsys map, summing cross-correlation values along an orbit for
each tested Kp and Vsys. The map is maximized (brightest) at the Kp and
Vsys that match the exoplanet's orbit (the sinusoid in (c)).

Figure 1.5: An outline of high-resolution cross-correlation spectroscopy.
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portions of a transit at a time; its low-Earth orbit ensures that there are gaps in its data when it

passes behind the Earth and the exoplanet is out of view. It took substantial investment to mitigate

the systematics that manifest only when performing observations of exoplanet transits (e.g., Zhou

et al. 2017).

1.3.2 Spectroscopy

Observing an exoplanet's transit and/or its thermal emission at one wavelength generally

does not provide much leverage on its atmosphere. But performing these measurements at multi-

ple wavelengths — spectroscopy — can yield information-rich data products. Such information

is due to a series of quantum mechanical effects: photons from the host star and / or the plane-

tary atmosphere interact with gaseous, solid, or liquid particles in the planet's atmosphere before

traversing vast swathes of space and arriving at our telescopes. These interactions are highly

wavelength-dependent.

Consider an atmosphere composed of pure neutral atomic hydrogen. Per the Bohr model, the

single electron orbiting the single proton can only exist in a certain set of orbits. At higher-level

orbits, the electron (and therefore the system) has more energy; at lower-level orbits, less. Due to

this relationship, the energy levels of neutral atomic hydrogen are quantized (Bohr 1923).

Incident radiation can interact with this system. If a photon with energy matching the exact

energy difference between two levels in the atomic system interacts with the atom, the photon

is absorbed and the electron changes orbits. The same argument extends to molecules. Because

the multiple atoms in the molecular system break spherical symmetry, molecules have rotational

and vibrational energy states in addition to the electronic energy states. If incident photons match
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the gaps between these energy levels, the photons are absorbed and the molecule is excited into

different rotational, vibrational, or electronic states.

While the energy levels themselves are quantized, spectral lines have �nite width. Various

“line-broadening mechanisms” shift the photons that individual atoms or molecules can absorb,

either by motions of the species (Doppler-shifting the radiation �eld) or by shifting the energy

levels themselves. Thus, there is a range of photons that can be emitted or absorbed by these

systems even for a single spectral line.

In transit, these quantum mechanical effects have a clear implication: host star light percolat-

ing through the planet's atmosphere will be preferentially blocked at wavelengths (energies) match-

ing the energy levels of speci�c atmospheric gases. Therein lie the “�ngerprints” of atomic and

molecular absorbers. The transit spectrum reveals the radii at which the planet becomes opaque,

or “optically thick,” at multiple wavelengths. In other words, at each measured wavelength, the

depth of the transit “dip” depends on how much starlight the planet blocks, and how much light is

blocked depends on the planet's gaseous and aerosol composition. Strong spectral lines indicate

wavelengths with high spectral opacity; only a small amount of gas at the tenuous top of the atmo-

sphere is required for the planet to become optically thick. Conversely, weak spectral lines indicate

that the opacity is weak; they require the high density at smaller planetary radii to become optically

thick. This “transmission spectroscopy” probes exoplanetary limbs (Fig. 1.4– 1.5a), typically at

pressures ranging from 0.1 mbar to 1 �bar.

Similar logic holds for planetary emission. An excited atom or molecule relaxes by emitting

a photon at characteristic wavelengths, with the intensity set by the local temperature. The emission

spectrum shows the temperature of the blackbody at which the atmosphere becomes optically

thick at that wavelength. Strong absorption lines occur in spectral regions with high opacity and
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indicate a decreasing thermal pro�le along the radial coordinate; the emerging radiation becomes

optically thick in a cold region of the atmosphere. Conversely, strong emission lines indicate an

increasing thermal pro�le (a stratosphere); the atmosphere is hotter as altitude increases. Emission

spectroscopy probes deeper in the atmosphere than transmission spectroscopy, from roughly 1 bar

to 1 mbar.11

Gaseous detections from the ground and space, particularly in the past few years, have pro-

vided a set of expectations for typical absorbers. Many of these results are interpretable with

equilibrium chemistry: in the infrared, H2O and CO tend to dominate (e.g., Snellen et al. 2010;

de Kok et al. 2013; Line et al. 2021), with CO2 becoming observable at higher metallicity (e.g.,

Rustamkulov et al. 2022; Xue et al. 2024) and OH at higher temperature (e.g., Brogi et al. 2023).

However, disequilibrium chemistry must be invoked to explain the presence of SO2, which appears

when photochemistry is active and at high enough metallicity (Tsai et al. 2023), and the behavior

of CH4, which is present when the planet's internal heat and vertical mixing are modest (e.g., Bell

et al. 2023; Madhusudhan et al. 2023; Welbanks et al. 2024). The optical is rife with atoms and

ions, with the broad lines of Na and K (e.g., Seidel et al. 2021a; Tabernero et al. 2021) interspersed

by forests of lines contributed by Fe I, Fe II, Mg I, Mn I, and more (e.g., Kesseli et al. 2022;

Borsato et al. 2023). These atomic lines are sometimes mixed with the molecular features of metal

oxides, namely TiO and VO. The potential presence of these species has been of interest to the

community for decades, as their strong optical opacity could be responsible for generating thermal

inversions (e.g., Fortney et al. 2008). Due in part to the dif�culty of precisely knowing the opacity

11There is a third type of spectroscopy that I will not consider: re�ected light spectroscopy. Part of the reason for
this omission is that hot Jupiters incidentally have relatively low albedos, so not much starlight is re�ected back to the
observer; only a select few datasets exhibit evidence for such an effect (Coulombe et al. 2025; Pelletier et al. 2026).
Re�ected light spectroscopy did play a large role in exoplanetology's past (with many early attempts at exoplanet
spectroscopy searching for it; e.g., Charbonneau et al. 1999; Collier Cameron et al. 1999), and it will play a large role
in exoplanetology's future (characterizing Earthlike worlds; e.g., Feinberg et al. 2024; Tuchow et al. 2024).
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function of these species (e.g., Hoeijmakers et al. 2015; De Regt et al. 2022), these species have

only recently been robustly detected in exoplanet atmospheres (Prinoth et al. 2022; Pelletier et al.

2023).

These strong spectral lines peek above continuum sources of opacity, such as clouds (which

absorb largely independently of wavelength, aside from broad slopes and Christiansen features;

Christiansen 1884; Wakeford & Sing 2015; Grant et al. 2023a). Additionally, interactions be-

tween species provide smooth sources of opacity, as they can occur with a wide range of possible

energies. Notable collisional pairs include H2–H2 and H2–He for hydrogen–helium-dominated at-

mospheres. For hot atmospheres, the H� interactions contribute, as well (Lothringer et al. 2018).

Although these continuum sources seem like a nuisance (with their �at opacity washing away the

wavelength-dependent spectral signature from gaseous absorbers), they actually provide a needed

baseline for measuring such wavelength independence (Welbanks & Madhusudhan 2019) and are

scienti�cally interesting in their own right (Lothringer & Barman 2020).

The planets that are most amenable to spectroscopy are hot Jupiters. We can motivate this

favorability as follows. On a practical level, hot Jupiters are on short orbital periods, making

scheduling their observations far easier than for slower-moving planets. For a more physics-based

justi�cation, we can derive a metric for the signal-to-noise ratio of a transit spectrum observation

(Kempton et al. 2018):

SNRtransit /
TeqR3

p

MP
; (1.9)

where Teq is the equilibrium temperature of the planet and MP is its mass. Hot, in�ated planets

therefore maximize this quantity. We can derive a similar metric for emission spectroscopy:
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SNRemission /
2hc2

� 5

1

e
hc

�k B Teq � 1
R2

p; (1.10)

for Planck's constant h, speed of light c, and observational wavelength �. This function (the Planck

spectrum scaled by the area of the planet) monotonically increases with temperature. Once again,

large, hot planets are favored.

Altogether, remote-sensing spectroscopy provides leverage on the composition and thermal

structure of exoplanet atmospheres. Unfortunately, the connections between spectra and atmo-

spheric properties do not follow simple, closed-form expressions; realistic models of exoplanet

spectra require numerical computation.

1.3.3 Statistics

At this point, we have physical models that we understand, and we have observational data

that we understand. We would ideally like to compare our models with the data to demonstrate

which families of models best describe what we observe. To do so, for better or for worse, we must

invoke statistics.

The �rst metric that one might use is a simple �2 statistic:

� 2 =
X

i

(m i � f i )2

� 2
i

; (1.11)

for measured data fi , model points mi , and uncertainty on data �i at each wavelength i. This

goodness-of-�t metric does indeed quantify how well a single model �ts a dataset. But now we

would like to test other models and see how well they �t the data. We could generate a grid of

models — say, over a range of temperatures and a range of water abundances — and see which best
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Figure 1.6: Three model transmission spectra calculated with petitRADTRANS
(Molli �ere et al. 2019). Varying one parameter at a time (i.e., increasing the atmospheric
temperature) leads to stark changes, but other parameters complicate the picture. Here,
an increase in the metal content of the atmosphere could masquerade as a moderate
increase in temperature. Degeneracies such as this motivate the use of Bayesian com-
putation.

�ts the data. We must select a planetary mass when we do so. We can then excitedly report to our

collaborators that a planet has some amount of water and its atmosphere is at some temperature.

But how sure are we about these “point estimates”? And how sensitive are our answers to the

measurement uncertainty of the planet's mass? As mentioned previously, exoplanet spectroscopy

is a highly nonlinear and degenerate problem (Fig. 1.6). Can our dataset be nearly equivalently

explained by an atmosphere that is twice as hot with half as much water?

The branch of statistics known as “Bayesian statistics” offers a natural framework for con-

necting our prior knowledge of the system to our models, our data, and our post-experiment uncer-

tainty regarding the exoplanet's properties. Bayesian computation relies on Bayes' theorem (Bayes

1763):
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p(MjD) =
p(DjM)p(M)

p(D)
: (1.12)

In this expression, p(MjD) is the probability of some combination of model inputs, M (such as a

speci�c planet temperature, water abundance, and mass), given the data, D. This is our �nal desired

quantity — the posterior probability distribution of model inputs, weighted by how likely they are

given the dataset. Computing this quantity requires p(DjM), the probability of the data given

the model. This can be formally expressed as a likelihood function. A standard such function is

proportional to the �2 function itself; � 2 is an appropriate likelihood function when noise in the data

is distributed according to a Gaussian distribution. p(M) is the prior distribution — the probability

of the set of model parameters before we see the data, perhaps based on prior measurements.

This framework therefore allows us to weight model inputs by our a priori expectation that some

combinations might not be plausible.

The “Bayesian evidence” in the denominator of Eq. 1.12 is often discarded, as it is identical

for every tested parameter combination. Its full form integrates the likelihood function (describ-

ing how well any combination of inputs �ts the data) over the full parameter space, weighted by

the prior probability of each combination of parameters. In essence, it encapsulates how well

this model could possibly explain the data, including every possible combination of inputs. This

quantity is therefore useful for comparing the performance of competing model parameterizations.

We now have a statistical framework that suits us well. In principle, we can compute these

quantities within a grid in parameter space. However, this approach is impractical. For instance,

if our models reside in a 20-dimensional parameter space, and we would like to test 10 values

along each axis, and each model takes 1 second to compute, this process would take more than
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3 trillion years. This approach is clearly not ideal. So, we intelligently explore parameter space

using statistical samplers. Common approaches include Markov Chain Monte Carlo (Brooks 1998)

and nested sampling (Skilling 2004). Sampling algorithms render these Bayesian experiments

tractable, with runtimes brought down to just weeks, or even days, especially after parallelizing

computation over multiple computational units.

In exoplanet atmospheres, we term this Bayesian estimation scheme — inferring the proper-

ties of an exoplanet atmosphere via spectroscopy — a retrieval. This framework has a long lineage

in Earth sciences and connections to information theory (Shannon 1948; Rodgers 1976; Line et al.

2012). So long as we trust the data, atmospheric forward model, and statistical sampler, retrievals

are powerful tools that allow us to measure the physical properties of exoplanet atmospheres.

1.4 Spectroscopy, now at higher resolution

The methods presented thus far are only indirectly sensitive to the dynamics of atmospheres

via chemistry and temperature. A more recent technique — ground-based, high-resolution cross-

correlation spectroscopy (HRCCS; e.g., Snellen 2025) — allows direct measurement of exoplane-

tary winds and, in some cases, improved constraints on atmospheric chemistry.

The problem is the same as before: we seek to make a small, differential measurement to

isolate the planetary signal from stellar and background sources. From the ground, though, it

is possible to build large, vacuum-sealed spectrographs. This fact enables much higher spectral

resolution, up to R = �
�� � 140000 (e.g., Pepe et al. 2010; Yuk et al. 2010; Follert et al. 2014;

Seifahrt et al. 2016).
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1.4.1 Isolating the planetary signal

We generally do not isolate the planetary signal in HRCCS relative to absolute �ux levels.

In fact, dividing the �ux measured in-transit by the �ux measured out-of-transit is rarely enough to

make the planetary signal evident, due primarily to the dif�culty of maintaining pointing stability

and constant signal-to-noise with ground-based telescopes.12 Rather, we separate the planetary

signal from the stellar signal by virtue of the Doppler-shifting of the exoplanetary spectrum. When

the exoplanet moves through its orbit toward and away from the observer, the absorption and

emission lines blueshift and redshift accordingly.13 These motions greatly exceed the minimum

velocities that ground-based, high-resolution spectrographs can resolve. In contrast, the stellar

lines remain quasistationary. While the star certainly moves in its orbit (around the barycenter of

the system), such motion is generally an order of magnitude slower than the exoplanetary signal.

To reach ground-based telescopes, photons from astrophysical sources must travel through

our sky. This process preferentially absorbs photons at certain wavelengths, imprinting a telluric

spectrum on ground-based data. Luckily, this spectrum can also be treated as quasistationary.

While the Earth's atmosphere does move (e.g., the turbulence experienced by airplanes), such

motion is again slower than the multiple km s�1 of the exoplanetary signal.

In general, there are two approaches to removing such quasistationary signals: empirical

methods (such as singular value decomposition, or SVD; de Kok et al. 2013) or physics-based

methods (such as Molec�t; Smette et al. 2015). Both approaches aim to remove the dominant

spectral components, ideally leaving only white (uncorrelated) noise and the exoplanetary signal.

12An exception is in the very high signal-to-noise regime, in which individual lines exceed the noise �oor.
13This effect is related to how the siren on a �re truck sounds higher-pitched as it approaches and lower-pitched as

it recedes; the movement of the source changes the distance between successive wave peaks.
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In practice, it is dif�cult to assess when a majority of the telluric and stellar correlated residuals

have been removed from a dataset. This fact, in combination with the recency of HRCCS retrieval

methodology, the continuing emergence of best practices, and the computational intensity of such

techniques, makes HRCCS challenging.

Even if the dominant sources of contamination have been removed, an individual planetary

spectral line competes with the noise �oor. To stack our signal, we resort to cross-correlation: de-

tecting the exoplanet's spectral signature in velocity space, essentially combining the contributions

from all spectral features at once. Assuming that a spectrum that contains Nlines spectral features

with approximately equal strength, the signal-to-noise of this measurement procedure scales as

(e.g., Birkby 2018):

SNRCCF /
p

N lines : (1.13)

Yet even this level of stacking signal is often not enough to extract the exoplanetary signal

(except for with the highest-quality datasets). We must stack again, by combining the signal from

multiple consecutive exposures. How would we do so? The planet is moving. Therefore, we

could assume an orbit following Kepler's laws and shift all exposures to that orbit's reference

frame. However, this process involves interpolating noisy data, which would incur undesirable

error. Instead, we can assume a single Keplerian orbit, Doppler shift our model to the appropriate

velocity at each exposure, cross-correlate, and sum across exposures.

The current best practice is quite close to this latter approach. The only modi�cation is that

instead of testing a single Keplerian orbit, a grid is tested in Kp – Vsys space, where the planet's

line-of-sight radial velocity as a function of time is de�ned as:
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RV (t) = K p sin (2��(t)) + V sys; (1.14)

where � is the planet's orbital phase (ranged 0 to 1; Fig. 1.5c). In this expression, Kp is the

planet's radial velocity semiamplitude, and any velocity offset is captured with Vsys. This approach

assumes a circular orbit for the planet. Such an assumption is well-motivated by the notion that at

such close proximity to their host stars, hot Jupiters' orbits rapidly circularize and their spins are

rapidly driven to synchronous rotation by tidal effects (e.g., Rasio & Ford 1996). The Kp – Vsys

map is maximized near the exoplanet's true orbit (Fig. 1.5d), which in most cases has already been

determined by independent detection methods (such as radial velocity measurements of the host

star as it orbits the system's barycenter; Lovis et al. 2010).

Testing multiple orbits provides certainty in the detection of the exoplanet's atmosphere; we

often quantify HRCCS detection signi�cance by comparing the distribution of CCF values in the

K p – Vsys peak compared to out of the peak (e.g., Kasper et al. 2021). From a data perspective,

testing multiple orbits also encompasses any uncertainty in the system parameters. For instance,

K p can be derived as:

K p =
2�a
P

sin(i); (1.15)

where a is the planet's semi-major axis, i is its inclination with respect to the observer (�=2 radians

if the planet passes directly between the star and the observer), and P is the planet's orbital period.

Uncertainties in any of these quantities would percolate through to uncertainties in Kp. Further-

more, the system may physically be moving away from the Earth in its path through the Milky

Way. There may also exist ephemeris uncertainties, which would manifest as velocity offsets. Fi-

30



nally, perhaps there are departures from a circular orbit ; an eccentricity of just 0.01 could induce a

radial velocity shift of a few km/s (Montalto et al. 2011). Other sources of noise in velocity space

include correlated stellar or telluric residuals, aliases between the template and other gases in the

exoplanet atmosphere, and self-aliases.

Nowadays, we routinely characterize exoplanet atmospheres using this method, with dozens

of detections spanning a wide range of planets (Kempton & Knutson 2024; Snellen 2025).

1.4.2 Sensitivity to exo-atmospheric winds

After subtracting off the velocity corresponding to the exoplanetary orbit, it is common to

�nd a residual velocity shift in the data. In high-quality data, this shift in velocity can be attributed

to net Doppler shift in exoplanetary atmospheres. That is, motions in the planetary rest frame

(due to planetary rotation and winds) manifest as shifting and broadening of spectral lines, which

cause shifting and broadening of the cross-correlation function. High-resolution spectroscopy,

therefore, provides the only way to directly measure the winds in an exoplanet atmosphere.

1.5 Popping the spherical cow: Limits of the 1D retrieval paradigm

High-resolution spectroscopy offers a concrete path to measuring quantities that are highly

relevant to understanding exoplanets, and ultimately understanding the Solar System in the broader

exoplanetary context. Realizing that potential requires a key component: comparing complete

models to the data. If our model are inaccurate, then so are the inferences — often in subtle and

dif�cult to diagnose ways.

Theory indeed suggests that hot Jupiters are far from homogeneous. This claim goes back
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to our spin-synchronized picture — GCMs predict day–night gradients that can exceed thousands

of Kelvin. These thermal gradients, coupled with rotation, can in turn set up wind gradients and

chemical gradients. Our isothermal blob obviously no longer holds. The proverbial “spherical

cow” of exoplanet spectroscopy — the seemingly necessary assumption of homogeneity — must

be released.

Why not compare these models to data? We do, sometimes (including as in my own work).

But they cannot be used for parameter estimation, which requires millions of model evaluations.

This would cost roughly 1 billion CPU hours, with a wall clock time of roughly 100,000 years!

The limitations of 1D atmospheric modeling have been discussed at length for space-based

spectroscopy (Line & Parmentier 2016; Rocchetto et al. 2016; Blecic et al. 2017; MacDonald &

Madhusudhan 2017; Caldas et al. 2019; Lacy & Burrows 2020; MacDonald et al. 2020; Pluriel

et al. 2020; Taylor et al. 2020; Espinoza & Jones 2021; Pluriel et al. 2021; Chubb & Min 2022;

MacDonald & Lewis 2022; Nixon & Madhusudhan 2022; Zingales et al. 2022; Falco et al. 2024;

Schleich et al. 2024). It stands to reason that the biases incurred by inaccurate modeling are

even more conspicuous in HRCCS, because it provides access to the exoplanetary wind �eld.

This additional effect can produce spectral line shapes that 1D models likely cannot match with

simple shifts and broadening. Indeed, signi�cant departures from the 1D picture — containing

information about wind �elds, thermal pro�les, and planetary rotation — begin to crop up at higher

spectral resolution (Kempton & Rauscher 2012; Showman et al. 2013a; Kempton et al. 2014;

Flowers et al. 2019; Beltz et al. 2020; Wardenier et al. 2021).

My work enters here. There are a number of claims that are worth investigating before diving

into 3D retrievals. After all, we generally seek to obey Occam's Razor: explain complex observed

phenomena with simple physics �rst, then escalate the physics as needed. These claims are:
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1. 3D effects impact data.

2. 3D effects outcompete typical noise sources.

3. 3D effects bias inferences made with 1D frameworks.

4. 3D inference is computationally plausible.

I will, over the course of this dissertation, present evidence for these statements.
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Chapter 2: No umbrella needed: Confronting the hypothesis of iron rain on

WASP-76 b with post-processed general circulation models

2.1 Introduction

Decades after the discovery of the �rst exoplanet around a normal star (Mayor & Queloz

1995), a harbinger of the population of hot Jupiters, observational, theoretical, and laboratory

efforts have elucidated some of the key processes and features relevant to these planets (e.g.,

Showman & Guillot 2002; Cooper & Showman 2006; Knutson et al. 2007b; Fortney et al. 2008;

Cross�eld et al. 2010; Rauscher & Menou 2012; Demory et al. 2013; Dobbs-Dixon & Agol 2013;

Kataria et al. 2015; Mendonça et al. 2016; Fleury et al. 2019; Winter et al. 2020). In the past

eight years, however, an even more extreme class of planet — the “ultra-hot Jupiter” (Arcangeli

et al. 2018; Bell & Cowan 2018; Parmentier et al. 2018) — has emerged, once again requiring the

construction of new theoretical frameworks. Featuring persistent dayside temperatures in excess

of 2200 K, ultra-hot Jupiter atmospheres are thought to include thermal dissociation of molecules

and thermal ionization of metals. The presence of gas-phase metals at low pressures within these

atmospheres also renders ultra-hot Jupiters notably susceptible to temperature inversions by virtue

of strong optical absorption of host star light (e.g., Lothringer & Barman 2019). In short, ob-

servations of ultra-hot Jupiters have revealed them to be sites for extreme physics, consequently

requiring signi�cant model updates to understand them in detail.

One particularly intriguing aspect of ultra-hot Jupiter atmospheres is their 3D structure. Such

highly irradiated objects are predicted to have very strong day-night temperature gradients, and

perhaps chemical gradients, too (e.g., Showman et al. 2009; Rauscher & Menou 2012; Kataria

et al. 2016); these atmospheres' short chemical timescales relative to dynamical timescales should
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drive them to chemical equilibrium (Baeyens et al. 2021). These features make it challenging to

justify treating such planets as 1D objects, and the departures from 1D behavior are especially

apparent in certain current and future (Feng et al. 2020; MacDonald et al. 2020; Pluriel et al. 2020;

Taylor et al. 2020) observations, including those at high spectral resolution, which are the subject

of this chapter.

To account for the unique 3D properties of ultra-hot Jupiters, various updates to “traditional”

hot Jupiter general circulation models (GCMs) have been required. For instance, recent mod-

els have incorporated the cooling and heating effects of hydrogen dissociation and recombination

(Tan & Komacek 2019; Mans�eld et al. 2020). Moreover, the Lorentz forces and Ohmic dissipa-

tion related to free electrons in weakly ionized atmospheres have been captured to varying degrees

of sophistication in GCM frameworks, often as a Rayleigh drag force (e.g., Perna et al. 2010;

Rauscher & Menou 2013; Komacek & Showman 2016) or by coupling to the magnetic induction

equation (Batygin et al. 2013; Rogers & Showman 2014; Hindle et al. 2019; Hindle et al. 2021).

Finally, the net thermal �ux at the lower boundary can substantially impact the GCM-predicted

thermal structure and circulation higher in the atmosphere (e.g., Rauscher & Menou 2012; Show-

man et al. 2015), making this parameter a useful tuning knob to explore the effect of differing

interior entropies on global dynamics.

A prime example of the unique bene�ts of the intersection of the 3D nature of (ultra-)hot

exoplanet atmospheres and high-resolution spectroscopy lies in the ultra-hot Jupiter WASP-76 b,

a gas giant orbiting an F7 star (West et al. 2016) that is well-studied at lower resolution (Fu et al.

2017; Fisher & Heng 2018; Tsiaras et al. 2018; Edwards et al. 2020; von Essen et al. 2020; Fu

et al. 2021). Using the high-resolution (R � 138,000) ESPRESSO spectrograph on the VLT (Pepe

et al. 2010, 2013), the Ehrenreich et al. (2020) team was able to produce novel, high-SNR, phase-
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resolved transmission spectra of this target across two separate transits. Curiously, an anomalous

Doppler signature in the planet's transmission spectrum was detected: between 0 and �5 km s�1

at ingress, but roughly �11 km s�1 by egress. These speeds far exceed the few km s�1 planet-

frame velocities detected on other planets (Snellen et al. 2010; Brogi et al. 2016). The detection

team attributes this variable and strong blueshift to an asymmetric distribution of atomic iron in

the planet's atmosphere, with a considerable amount of iron existing in the gas phase east of the

substellar point but cooling and condensing out as it makes its way to the much colder nightside.

This asymmetry would cause a progressively blueshifted signal as the gas-phase iron region rotates

into view over the course of the planet's transit. Ehrenreich et al. (2020) posit that their signal is

composed of two independent Doppler components: solid-body rotation of � 5.3 km s�1 , the

tidally locked equatorial velocity of the planet, and a uniform day-night wind contributing an

additional �5:3 km s�1 across both limbs, with gas phase iron only present on the evening limb of

the planet (Figure 2.1). Hence, the approaching limb would exhibit a blueshift from both rotation

and winds totaling –10.6 km s�1 , and the receding limb would produce no Doppler signal, as it

would contain no gas-phase iron to absorb starlight.

The Ehrenreich et al. (2020) “toy model,” as they put it, is supported by a separate, archival

analysis of HARPS data (Kesseli & Snellen 2021), which similarly �nds increasing blueshift over

the course of WASP-76 b's transit. Additionally, the magnitude of the blueshift and speed of the

day-night �ow are con�rmed by Tabernero et al. (2021) and Seidel et al. (2021b), who perform

in-depth secondary analyses of the Ehrenreich et al. (2020) dataset. These works also produce

rich datasets in their own right, with the Tabernero et al. (2021) study reporting the detection of

multiple chemical species (Li I, Na I, Mg I, Ca II, Mn I, K I), their atmospheric heights, and their

corresponding blueshifts.
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The aforementioned iron chemistry gradient interpretation would be the �rst of its kind

among exoplanet atmospheres. However, the necessity of a chemical gradient to explain the ex-

tant observations has been questioned by the forward models of Wardenier et al. (2021), who

self-consistently calculate transmission spectra from a 3D model of this planet and �nd that either

iron condensation or a signi�cant temperature asymmetry could match the Ehrenreich et al. (2020)

data. Furthermore, Fe clouds are not necessarily favored in hot Jupiter atmospheres; microphysics

models indicate that the nucleation rate of Fe is low, causing Fe clouds to be sequestered deep in

the atmosphere (Gao et al. 2020; Gao & Powell 2021).

In this chapter, in addition to seeking to examine the iron rain hypothesis, we also aim to

understand the physical, chemical, and dynamic processes at play in the atmosphere of WASP-

76 b. We do so with a suite of GCM simulations, applying a spectroscopic post-processing scheme

to evaluate the likelihood of several plausible physical scenarios in the face of the constraints

provided by the Ehrenreich et al. (2020), Tabernero et al. (2021), and Kesseli & Snellen (2021)

data. A companion work, May & Komacek et al. (2021), examines the dynamics of this planet

with the aid of Spitzer phase curves; this chapter focuses on the detected blueshift signature and

chemical species by post-processing GCM simulations to produce high-resolution transmission

spectra. Together, these works aim to compare the results of photometric phase curves and high-

resolution transmission spectroscopy to paint a coherent picture of WASP-76 b's 3D atmosphere.
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Figure 2.1: A schematic diagram of the “toy model” introduced in Ehrenreich et al.
(2020). WASP-76 b is pictured at three different phases (left to right: ingress, center of
transit, and egress). Colder regions of WASP-76 b's atmosphere, where Fe condenses
and produces no absorption, are the primary regions probed at ingress. Over the course
of its transit, the planet rotates and brings hotter regions, which contain gas-phase iron,
into view for the observer. This geometry makes the strong combined velocity of the
trailing limb (� �5:3 km s �1 from winds, � �5:3 km s �1 from rotation) observable as
a Doppler blueshift by mid-transit. Atmosphere size not to scale.

2.2 Model Description

2.2.1 GCM

As described above, we aim to produce physically motivated, self-consistent comparisons to

the Ehrenreich et al. (2020) data by spectrally post-processing the outputs of a GCM. We use the

same GCM model introduced and described in detail in our companion work, which also includes

the full GCM parameter assumptions and values (May & Komacek et al. 2021, Table 3). Broadly,

we use the MITgcm (Adcroft et al. 2004) to solve the primitive equations of meteorology on a

cubed-sphere grid with a horizontal resolution of C48 and 70 vertical layers, extending evenly in

log-pressure from 100 bars to 10 microbars. To connect the modeled atmospheric circulation to
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Figure 2.2: 1D temperature-pressure (T-P) pro�les of WASP-76 b as output by our
3D GCMs, with the condensation curves of Mg2SiO4, Fe, and Al2O3 from Mbarek &
Kempton (2016) and terminators overplotted. Though the GCMs' outputs extend to
100 bars, our radiative transfer is limited to the (plotted) region at pressures less than 1
bar. Every 20th pro�le is plotted for ease of visualization, resulting in 902 samples of
18048 total latitude-longitude points. Regions near the substellar point (0� / 360� ) tend
to be hotter on average than the rest of the planet, and regions near the antistellar point
(180� ) tend to be cooler on average than the rest of the planet. Signi�cant scatter at
a given longitude is controlled by latitudinal variation. The GCMs with deeper RCBs
tend to have cooler nightsides than those with shallower RCBs, though all sets have
regions in which Fe, Mg2SiO4, and Al2O3 condense (assuming equilibrium chemistry).
Models with weaker drag (i.e., longer drag timescales) tend to produce much greater
asymmetry between the east and west planetary limbs.
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Figure 2.3: Maps of atmospheric temperature at the terminator of WASP-76 b for
weak (1 � 107 s) and strong (1 � 103 s) drag timescales and three phases (ingress,
center of transit, and egress). The planet core is not shown to scale, and we restrict our
visualization to the region that is probed by high-resolution transmission spectroscopy
(. 1 bar — our model domain slightly exceeds 1 bar in some regions, as our post-
processed atmosphere is interpolated onto a grid evenly spaced in altitude). Black
dashed lines correspond to the millibar isobar. As also shown in Figure 2.5, the strong
drag case enforces more overall east-west symmetry in the atmosphere of WASP-76 b.
The temperature inversion that can be seen in Figure 2.2 is also present here — as
would be expected for an ultra-hot Jupiter with high-altitude optical absorbers.
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heating and cooling within the atmosphere, the GCM is coupled with a two-stream, double-gray

radiative transfer scheme with the TWOSTR (Kylling et al. 1995) package of DISORT (Stamnes

et al. 1988). A crucial update warranted for this project is the inclusion of local cooling where

hydrogen dissociates, relevant to the intense dayside stellar irradiation of ultra-hot Jupiters, and

local heating at locations where atomic hydrogen recombines, relevant to the much cooler limbs

and nightsides of ultra-hot Jupiters (Tan & Komacek 2019; Mans�eld et al. 2020).

As described in our companion work (May & Komacek et al. 2021), our GCMs (Figure

2.2) incorporate a spatially constant Rayleigh drag force proportional to vwind =�drag , for horizontal

wind velocity vwind and drag timescale �drag . Our grid of GCMs encompasses a parameter sweep

of drag timescales and two endmembers of radiative-convective boundary (RCB) depth, with the

aim of exploring a wide range of possible dynamical states and interior states of WASP-76 b. Our

models are computed over a parameter sweep of drag timescales (�drag 2 [1 � 10 3s, 1 � 10 7s],

with �ve values sampled evenly in log space), motivated by the unknown strength of turbulence

and magnetic forces associated with the ionized dayside. The longest drag timescales correspond

to atmospheres that have similar temperature structures and wind speeds to those with no applied

frictional drag. We model upward heat �uxes from the deep planetary interior by including a

“surface” beneath our model domain that does not interact with the atmospheric �ow aside from

heating it. The upward �uxes for our limiting cases of RCB depth are 3543:75 W m�2 (Tint =

500 K) and 4:474 � 107 W m�2 (Tint = 5300 K) for the deep and shallow RCB cases, respectively.

41



2.2.2 Radiative transfer model

2.2.2.1 Overview

For our study, we make use of a line-of-sight ray-striking radiative transfer model that

includes Doppler effects, inherited from Kempton & Rauscher (2012), Kempton et al. (2014),

Rauscher & Kempton (2014), and Flowers et al. (2019). We begin with the GCM output, which

we interpolate from a grid evenly spaced in log pressure onto a grid evenly spaced in altitude —

thus ensuring that our simulated rays propagate in straight lines. We further only consider the

GCM output at pressures generally greater than 1 bar (the cut is made in altitude, not pressure,

so the bottom-most pressure value is weakly latitude/longitude dependent), as the atmosphere is

fully optically thick in transmission geometry at pressures greater than this value (Figure 2.3). We

convert between pressure and altitude assuming hydrostatic equilibrium, accounting for the non-

uniform mean molecular weight between GCM grid cells due to the thermal dissociation of H2 in

hotter regions of the atmosphere. Our calculation assumes a nominal atmosphere in cooler regions

that is 83.6% H2, 16% He, and 0.4% metal-bearing molecules (the latter having an average mean

molecular weight � = 12) by number.

Accounting for the 3D geometry of our GCM structures, we calculate the slant optical depth,

� � =
Z

� � ds; (2.1)

along a given trajectory after determining the opacity �� in each grid cell as a local function of

temperature and pressure (see Section 2.2.2.2 for a discussion of our opacity sources), where ds

is the line-of-sight path length through an individual grid cell. The wavelength at which �� is
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evaluated is adjusted depending on the line-of-sight velocity of the grid cell vLOS , as per

� = � 0

�
1 �

vLOS

c

�

vLOS = �u sin(�) � v cos(�) sin(�)

�
(R P + z) sin(�) cos(�)

(2.2)

for rest wavelength �0, east-west velocity u, north-south velocity v, latitude �, longitude �, altitude

z, speed of light c, and planetary angular rotation speed 
. These Doppler shifts assume that

the orbital velocity of the planet has already been entirely accounted for; we address potential

consequences of this assumption with respect to WASP-76 b in Section 2.5.2.1. As described in

Kempton & Rauscher (2012), higher-order line-shifting effects such as gravitational redshifting

and microturbulent broadening are expected to be negligible.

After calculating the above �� , we can calculate the intensity I� along each line of sight,

assuming absorption-only radiative transfer:

I � = I �;0 e�� � (2.3)

for stellar intensity incident upon a grid cell, I�;0 . We assume that the stellar spectrum follows

a blackbody distribution for T = 6329 K, the effective temperature of WASP-76 (Ehrenreich

et al. 2020). The total �ux transmitted through the atmosphere is arrived at by integrating I� over

the sky-projected solid angle of each respective grid cell through which a beam emerges. The
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Figure 2.4: Representative model spectra computed in this study. The bottommost,
gray spectrum is computed without including Doppler shifts from planetary winds and
rotation and includes Fe I and Fe II as the sole opacity sources. The middle, gold
spectrum is the same as the bottom, but now including Doppler effects. The topmost,
maroon spectrum includes Doppler effects and all opacity sources discussed in Sec-
tion 2.2.2.2. The inset axis is centered near the Ca II H line (393.4 nm); the vertical
dashed lines indicate the peak of a representative Fe feature for the gray and gold spec-
tra, respectively. In the optical range of WASP-76 b, the inclusion of Doppler effects
broadens and blueshifts strong lines, such as those depicted.

wavelength-dependent transit depth D� is then given by

D � =
Fout � F in

Fout
; (2.4)

where Fout is the out-of transit �ux (i.e. the stellar �ux) and Fin is the in-transit �ux, accounting

for both the blockage of stellar light by the optically thick core of the planet and the transmitted

�ux through the atmosphere.

Our spectral simulations are computed over the 379 – 789 nm range to coincide with the

ESPRESSO data from Ehrenreich et al. (2020), with a total of 298,766 individual wavelength

points corresponding to a resolution of R � 4 � 105. After computation, our spectra are convolved

to the native ESPRESSO resolution in the singleHR mode (R � 138; 000; Pepe et al. 2013).
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Because of very large �le sizes and RAM requirements associated with the substantial number of

wavelength points, we generate the spectra in discrete wavelength “chunks” on a high-performance

computing cluster and then stitch the entire spectrum together once the full calculation is complete.

2.2.2.2 Opacity sources

Because WASP-76 b is an ultra-hot Jupiter observed at optical wavelengths, we compile a

set of opacities that is appropriate for these conditions. The atomic species that we utilize are Fe I,

Fe II, Mg I, Mn I, Na I, Ca II, Ti, Li I, and K I; and our molecular species are TiO, VO, OH, and

H2O. Rayleigh scattering from H2, H, and He, as well as H� bound-free and free-free absorption

are included as continuum opacity sources. Finally, collision-induced opacity from collisional

pairs of H2-H2, H2-H, H2-He, and H-He is considered. This list of opacity sources includes all of

the species with reported detections in WASP-76 b optical spectra from Ehrenreich et al. (2020),

Tabernero et al. (2021), and Fu et al. (2021). We do not include ZrO, which was searched for in

WASP-76 b by Tabernero et al. (2021) but resulted in a non-detection. In modeling WASP-76 b,

we generate two sets of transmission spectra, one with Fe (I and II) and continuum opacity sources

only, and another with the full set of molecular, atomic, and continuum absorbers (see Figure 2.4

and Section 2.4.1.1).

All opacities are generated on a temperature-pressure grid spanning from 500 – 5000 K and

1�10 �6 – 1�10 3 bar, covering the range of the WASP-76 b GCM output. We initially calculate

opacities on an evenly spaced wavenumber grid, from a wavenumber of 0 to 30,000 cm�1 with a

spacing of 0.01 cm�1 . These results are then downsampled with the k-table feature of HELIOS

(Malik et al. 2017).
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We use the newest available open-source line lists in constructing our molecular opacities:

VO (VOMYT; McKemmish et al. 2016), TiO (TOTO; McKemmish et al. 2019), OH (MoLLIST;

Tennyson et al. 2016), H2O (POKAZATEL; Polyansky et al. 2018). Atomic opacities are drawn

from the Kurucz database (Kurucz 1995). In selecting our opacities, we make use of the most

abundant isotopologue for each species. Our atomic sources do not include pressure broadening

— only Doppler (thermal) and natural broadening.1 From these line lists, we calculate the relevant

opacities with the GPU-enabled HELIOS-K code (Grimm & Heng 2015).

Opacities from individual species are combined by a weighting of their respective mixing

ratios, under the assumption that the atmosphere of WASP-76 b resides in a state of chemical

equilibrium. To determine the chemical equilibrium mixing ratios, we employ the FastChem

model (Stock et al. 2018), which accounts for gas-phase chemistry only. In Section 2.2.2.4, we

describe how we treat condensation for the purposes of our modeling.

2.2.2.3 Phase-dependent transmission spectra

As in Flowers et al. (2019), to compare our model transmission spectra directly against the

Ehrenreich et al. (2020) results, we must calculate transmission spectra as a function of orbital

phase throughout the duration of transit. To account for orbital phase dependencies, we apply the

following procedure:

1. Account for phase-dependent back-lighting of the planet (i.e. stellar limb-darkening effects).

At different points of its transit, the planet will occult regions of its host star of varying

1The Doppler effects from planetary rotation and winds dominate over the broadening introduced by pressure,
thermal, and quantum effects here, because the signal for high-resolution spectra originates from high-altitude, low-
pressure regions of planetary atmospheres. Furthermore, our science case is primarily concerned with the location of
line centers, not the exact nature of line wings. Therefore, we anticipate that the exclusion of pressure broadening here
does not signi�cantly impact our �nal spectra.
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brightness. Furthermore, at a �xed orbital phase, different regions of the planet's limb will

be back-lit by varying intensities of stellar light. Similarly to Flowers et al. (2019), we

calculate the normalized stellar intensity at the center of each cell of the 2-D projected plan-

etary grid produced by our GCM at each modeled orbital phase of the planet. We use the

quadratic limb-darkening coef�cients reported by Ehrenreich et al. (2020) to establish the

stellar center-to-limb intensity pro�le, and we take into account the 89.623� orbital inclina-

tion of WASP-76 b (Ehrenreich et al. 2020) to determine where the planet resides on the

stellar disk as a function of its orbital phase. We make the assumption of constant impact

parameter b over the course of transit.2 This procedure allows us to calculate a back-lighting

factor f , which ranges from 0 to 1, effectively replacing the constant I�;0 from Equation 2.3

with a variable I�;0 � f (� 0; z; '), for a given orbital phase ' and 2-D projected polar angle

� 0.

2. Account for the decreasing of the continuum by interpolating a light curve produced by the

batman code (Kreidberg 2015). Step 1 ensures that less light is transmitted through the

planet's atmosphere than a uniform stellar disk would emit. Step 2 further enforces that

the inner, optically thick core of the planet is simulated crossing a limb-darkened star, as

opposed to a star of uniform brightness.

3. Account for the planet's rotation over the course of transit. Because the planet is continually

rotating as it travels across the face of its host star, we must transform the GCM coordinate

system so that the correct observer-facing hemisphere is modeled at each instance during

2In reality, a planet on an inclined orbit will not have a constant b over the entire duration of transit; rather, the
planet's distance from the stellar equator will be decreased at ingress and egress, reaching its maximum at center of
transit. Our tests reveal that the relative error induced by the constant b assumption is on the order of 4% in distance,
which results in a change on the order of 1 m/s at the blueshift level (see Section 2.3.1). Hence, our b treatment is
justi�ed.
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transit. For simplicity, we assume zero obliquity, which allows us to calculate the coordinate

transform simply by assigning a linear offset to each planetary longitude; i.e., �rotated =

� + '.

In choosing phases at which to evaluate our models, we more densely sample ingress and

egress because the transmission signal quickly varies in strength and velocity during these times.

The sampling that we employ is:

d' =

8
>>>>>>>><

>>>>>>>>:

0:416� ; �15:94 � � ' � �8:25 �

1:39� ; �8:25 � � ' � 6:0 �

0:416� ; 6:0� � ' � 15:94 �

(2.5)

where ' max = 15:94� represents the phase at which the planet's trailing limb no longer occults

the stellar disk. This procedure results in 50 total orbital phases being explicitly modeled with our

radiative transfer post-processing code.

2.2.2.4 Condensation and clouds

The large blueshifts observed by Ehrenreich et al. (2020) have been attributed to iron con-

densation on the nightside and cooler “morning” limb of WASP-76 b. To confront this hypothesis

within the framework of our transmission spectrum modeling, we account for clouds and conden-

sation in the following ways.

To incorporate the effects of condensation out of the gas phase, we utilize the iron condensa-

tion curve for a solar composition mixture computed in Mbarek & Kempton (2016). At each cell in

our GCM-produced atmosphere, we interpolate the condensation curve at the cell's pressure; if the
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temperature in the cell is lower than the interpolated condensation temperature, then we remove

iron from the total opacity calculation at that location by setting its opacity contribution to zero.

This approach maximizes the effect of Fe condensation, as in reality homogeneous nucleation of

Fe is inef�cient (Gao & Powell 2021). This step effectively treats the physics considered in the

Ehrenreich et al. (2020) toy model, which only accounted for gas phase removal as the process

responsible for the large net blueshifts in WASP-76 b's transmission spectrum.

In our full-species modeling of WASP-76 b's transmission spectrum, we allow other species

to condense out of the atmosphere following a similar procedure. We condense Ca (I and II) fol-

lowing the Ca2SiO4 condensation curve, Ti and TiO following CaTiO3, K following KCl, Na

following Na2S, Mn following MnS, and Cr following Cr2O3. Our prescription of complete re-

moval implies full rainout from the gas phase once the species-limiting condensate forms.

Condensation not only causes gas-phase depletion but can also result in the formation of an

optically thick cloud made up of liquid droplets or solid particles. Such a cloud layer would block

transmission of stellar light through the atmosphere in the location where the cloud forms and could

therefore also be the main driver of the “missing” iron absorption in the receding limb of WASP-

76 b's atmosphere — a scenario that has not yet been explored in the literature for this planet.

To account for such cloud layers, our models further contain a post-processing implementation of

gray, optically thick clouds. These clouds, which are self-consistent with our radiative transfer (but

not with our GCMs), are placed such that they span up to several (1 � 10) scale heights above the

condensation curve of iron, forsterite (Mg2SiO4), or aluminum oxide (Al2O3).

Fe is selected because it is the species that is putatively condensing in WASP-76 b's atmo-

sphere; Mg2SiO4 is modeled because per the microphysics model of Gao et al. (2020), silicate

clouds are chemically favored over iron ones and appear to be a de�ning feature in the transmis-
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sion spectra of giant planets with comparable irradiation to WASP-76 b; and Al2O3 is considered

because it is the highest-temperature condensate predicted in hot Jupiter atmospheres (Mbarek &

Kempton 2016).

Notably, our implemented clouds never fully reach the limiting-case thickness of 10 scale

heights. Because our temperature-pressure pro�les tend to cross condensation curves twice (Fig-

ure 2.2), clouds cannot exist in the uppermost regions of the atmosphere — the upper boundary

of the cloud is (indirectly) set by the pressure at which the atmospheric inversion or isothermal

region occurs. This effect can be seen in the bottom row of Figure 2.5, in which the “10 scale

height” clouds do not extend much past the “1 scale height” clouds. Hence, while our clouds

can exist up to 10 scale heights in thickness (provided they ful�ll their criterion with respect to a

given condensation curve), in practice they are limited by the temperature/pressure structure of the

atmosphere.

Similarly to our condensation treatment, our cloud effect is modeled post-hoc, in that the

radiative effects of cloud formation and the resultant changes to opacities are not accounted for

natively in the GCM (see Section 2.5.3 for a discussion of this limitation). Furthermore, our sim-

ple cloud model does not account for the wavelength-dependent scattering and/or absorption from

cloud particles — a simpli�cation that is justi�ed because cloud opacities are typically smoothly

varying with wavelength, in contrast with the sharply wavelength-dependent atomic and molecu-

lar features that are primarily responsible for the high-resolution transmission spectrum signal in

cross-correlation. Additionally, cloud particle sizes are represented by broad distributions, and no

clouds in a planetary atmosphere are characterized by a single particle size (e.g., Pont et al. 2013).
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