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Abstract

Titanium oxide (TiO) and vanadium oxide (VO) have long been pro-
posed as the key absorbers responsible for generating inverted thermal
pro les in ultra-hot Jupiter atmospheres. Yet, the absence of direct TiO
detections, along with the development of trapping theories, suggests
that TiO/VO may commonly exist in chemical disequilibrium. To test
these depletion theories in the speci c case of WASP-121 b, we investigate
the joint e ects of altering equilibrium chemistry and reducing TiO/VO
abundances. We use th&PARC/MITgcithree-dimensional global cir-
culation model to simulate 10 planetary con gurations, spanning ve
TiO/VO depletion levels (at 1%, 2%, 10%, 20%, and 100% of TiO/VO
equilibrium abundances) under two chemical equilibrium conditions (so-
lar and supersolar metallicity and C/O). Our results show that the inter-
play between equilibrium chemistry and TiO depletion produces a wide
diversity of inversion behaviors, both in presence and strength, leading
to signi cant variations in thermal and circulation atmospheric patterns.
We further develop a diagnostic metric, the TiO-to-water abundance ra-
tio ([TiO]/[H »0]), which reliably predicts the presence and strength of
thermal inversions across a range of chemical equilibrium and depletion
rate regimes. Finally, we compare the observables from our models to
JWST emission spectra for WASP-121 b. We nd that emission features
found in JWST spectra are best explained by TiO in disequilibrium,
and we show that the water feature strength metric is best reproduced
by a supersolar equilibrium model with TiIO at 2% of its equilibrium
abundance. Altogether, our study demonstrates that TiO disequilibrium
chemistry is essential to accurately model and interpret the atmospheres
of ultra-hot Jupiters.



Chapter 1 { Introduction

1.1 Exoplanets

Since the groundbreaking discovery in 1992 of PSR B1257+12c and
PSR B1257+12d orbiting a pulsar star (Wolszczan and Frail, 1992), fol-
lowed, three years later, by the rst detection of a planet orbiting a
main-sequence star, 51 Peg b (Mayor and Queloz, 1995), the eld of exo-
planetary science has experienced a rapid growth. To date, 5983 planets
beyond our stellar system have been conrméd This number is ex-
pected to rise substantially in the coming years, thanks to both ongoing
and upcoming missions. NASA's Transiting Exoplanet Survey Satellite
(TESS; Ricker et al. 2015), launched in 2018, has already identi ed more
than 7,500 exoplanet candidates and is expected to uncover up to 20,000.
Looking ahead, ESA's PLATO mission (Rauer et al., 2014), planned for
launch in 2026, will survey roughly 200,000 stars in search of Earth-like
planets, with particular emphasis on those within habitable zones. In
parallel, GAIA is anticipated to detect over 10,000 exoplanets by the
time of its nal data release, primarily cold giants orbiting nearby stars
(Feng, 2024).

The detection of exoplanets by these ongoing and planned missions
involves a suite of complementary techniques. The most proli ¢ detection
method to date is that of transit photometry, rst demonstrated by Char-
bonneau et al. (2000) by detecting two separate transits of the exoplanet
HD 209458 b. This method prots from the temporary and periodic
decrease in the combined star-planet brightness when a planet transits
across the stellar disk, as seen from Earth. As the planet's disk physi-
cally blocks part of the stellar surface, the resulting fractional decrease
In ux, or transit depth, corresponds to the ratio of the planet's area to

1As per NASA Exoplanet Archive https://exoplanetarchive.ipac.caltech.edu/
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PABLO DRAKE CHAPTER 1. INTRODUCTION

that of the star. Transit photometry is responsible for the detection of
4384 di erent planets, almost 75% of the known exoplanet population.
Several ground-based instruments have been used for transit photometry
surveys, such as, for example, WASP (Pollacco et al., 2006), HATNet and
HATSouth (Bakos et al., 2002, 2013), KELT (Pepper et al., 2007), and
MASCARA (Snellen et al., 2013). Still, the methods' primacy can be
mostly explained thanks to the success of space missions such as CoRoT
(Auvergne et al., 2009), Kepler (along with its K2 mission extension;
Koch et al. (2010); Borucki et al. (2011)) and the aforementioned TESS.
Between these wide-area searches, an approximate number of 1,000,000
stellar systems will be observed. Kepler has conrmed 2778 planets,
while TESS has detected 7655 potential candidates.

Radial velocity is the second most productive method, responsible
for the detection of 1110 planets, accounting for around 19% of the total
exoplanet population. It is based on the detection of a periodic Doppler
shift in a star's absorption lines, caused by its orbiting of the center of
mass of the star-planet system. Unlike the transit method, this technique
provides measurements of a planet's minimum mass. When a planet is
observed both in transit and via radial velocity, its mass and radius can
be jointly constrained, yielding insights into its bulk density and compo-
sition. Among the ground-based instruments that utilize this technique
we nd HARPS, at the La Silla observatory in Chile (Pepe et al., 2000),
and HIRES, aboard the Keck telescope in Hawaii (Vogt et al., 1994).

Other methods for exoplanet detection include direct imaging, as-
trometry, microlensing, pulsar timing, and transit timing variations. Di-
rect imaging attempts to capture pictures of exoplanets by blocking the
overwhelming light from their host stars, while astrometry measures tiny
shifts in a star's position caused by the gravitational pull of orbiting
planets. Microlensing relies on a gravitational lensing e ect, where the
combination of a foreground star and planet temporarily magni es the
light of a background star due to the presence of the planet. Pulsar
timing detects planets by observing variations in the precise timing of
pulsar emissions, and transit timing variations (TTVS) infer additional
planets in a system by detecting irregularities in the periodicity of known
planetary transits. Together, these techniques account for less than 5%
of all con rmed exoplanet discoveries.

These detection methods are revealing a growing population of ex-
trasolar planets, which display a striking diversity. Discovered planetary

2



PABLO DRAKE CHAPTER 1. INTRODUCTION

systems include conditions unlike anything observed in our own solar
system, such as gas giants many times the size of Jupiter. These nd-
ings have signi cantly broadened our understanding of planetary evolu-
tion and system architectures, and challenged long-standing models of
planet formation. As the catalog of known exoplanets expands, atten-
tion is increasingly turning toward their atmospheres, which hold cru-
cial clues about their composition, climate, and potential habitability.
Studying exoplanet atmospheres helps us trace the processes of plane-
tary formation and evolution, and plays a key role in the ongoing search
for biosignatures and, potentially, extraterrestrial life. At the current
time, only 23 years after the rst characterization of an exoplanet atmo-
sphere (Charbonneau et al., 2002), we are still a long way from being
able to probe the atmospheres of Earth-sized exoplanets. Nevertheless,
the same observational and modeling techniques that will be used in the
coming decades to characterize the atmospheres of Earth-size planets can
already be applied to studying hot Jupiters, which today represent much
more accessible targets. In so doing, we are developing our understand-
ing about the physical phenomena that take place in these giant planets,
and our capacity to model them.

1.1.1 Hot Jupiters and their Atmospheres

51 Pegasi b was found, in 1995, to have a mass in the range 0.5-2
M jup, Orbiting its host star with a semi-major axis of 0.05au (10 times
closer to its star than Mercury to the Sun) and a corresponding 4.2 day
orbit (Mayor and Queloz, 1995). Out of the 30 exoplanets discovered
before the year 2000, 11 had an orbital period shorter than 20 days, and
all of them had minimum massesN sini) above O.5MJU||O.2 In a similar
manner, out of the 282 exoplanets for which we have atmospheric obser-
vations, 174 correspond to planets with periods shorter than 20 days and
masses greater than O.MJup.3 Both from a detection and atmospheric
characterization standpoint, we clearly see that large, short-period plan-
ets form an important percentage of early detections. This fact certainly
sounded counter-intuitive (particularly if keeping in mind the architec-
ture of the Solar system), and it rapidly prompted new formation scenar-
los, including orbital migration (Lin et al., 1996) and in-situ formation

2Data taken from NASA Exoplanet Archive https://exoplanetarchive.ipac.caltech.edu/
3Data taken from the IAC's ExoAtmospheres Database https://research.iac.es/proyecto/
exoatmospheres/index.php
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(Boss, 1997).

The explanation for this phenomenon lies in the biases of detection
and characterization methods. Despite their technical di erences, both
transit photometry and radial velocity are biased in favor of this partic-
ular avor of exoplanets: large, short-period bodies. The theory behind
it is straightforward, and we therefore opt to look in detail at the transit
method to illustrate how large, close-in planets and their atmospheres are
easier to detectt As explained before, the transit photometry method
detects exoplanets by measuring their transit depths, the ratio of the
planet's projected area to that of the star, mathematically de ned as

Rp 2.
=

Therefore, larger planets produce larger photometric signals, and are
easier to detect. Furthermore, close-in planets are more likely to transit
their star, as seen from Earth, and have shorter periods, making them
easier to characterize through repeated observations.

Similarly, as explained in subsection 1.2.1, the atmospheres of tran-
siting planets can be studied spectroscopically during transits. The at-
mospheric signal is proportional to

Ry *  Ro ?, 2HRo

= & = O (1.1
with H, the scale height, de ned as
g

where Ry is the radius of the planet's surfaceTeq is the equilibrium
temperature, k is Boltzmann's constant, is the mean molecular weight
of atmospheric particles,g is the surface gravity (Deming et al., 2019),
and f ( ) parameterizes the e ects of varying atmospheric opacities with
wavelength. The additional transit depth from the atmosphere (the sec-
ond term in Equation 1.1) scales directly with the planet's radius and
temperature, and decreases with mean molecular weight and, to some
extent, with surface gravity. It is therefore no surprise that large, hot,

4As mentioned, a similar argument could be made to justify the overrepresentation of hot Jupiters
in radial velocity detections. Concerning this method, the amplitude of the velocity signal is often
given as @): K = 284328ms P 1 (Pay) = (mpsiniav,,) (M =2v ) . Shorter period, massive

planets thus produce a stronger signal, especially when orbiting less massive stars.
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puy (low-gravity), hydrogen-rich (low mean molecular weight) planets
form an overrepresented family.

Figure 1.1 Planetary Radius versus Period scatter plot for the currently known
exoplanet population. All data taken from NASA Exoplanet Archive https://
exoplanetarchive.ipac.caltech.edu/ . On the background, a density map for all
exoplanets, with labels attached to the most characteristic resulting families. In light-
blue stars, the position of ultra-hot Jupiters. Jupiter, Mars, Earth, Venus and WASP-
121b (from longer to shorter periods), are represented with their images, and centered
at their corresponding radii and periods.

This class of planets, termed hot Jupiters, has emerged as a well-
established and distinct population within the broader exoplanet census,
as demonstrated in Figure 1.1. Hot Jupiters are de ned as gas giants,
with radii and masses similar to those of Jupiter, but orbiting very close
to their host stars ( 0.1au). It was rapidly shown after the discovery of
the rst hot Jupiters that, due to tides raised by the star, they should
rapidly be driven into synchronous rotation (Guillot et al., 1996; Marcy
et al., 1997; Lubow et al., 1997). In other words, all hot Jupiters are
very likely tidally locked, their rotation and orbital periods becoming
synchronized, de ning two very di erent planetary regimes: a continu-
ously irradiated dayside, and a perpetual nightside.

5
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The physics of these planets' atmospheres thus can be essentially un-
derstood as explaining the mechanisms by which energy gets transferred
from the dayside (where light gets deposited) to the nightside of the plan-
ets (Komacek and Showman, 2016). This energy transport takes the form
of winds, either through an equatorial superrotating jet (with speeds of
up to kilometres per second, theorized early on in di erent models: Show-
man and Guillot (2002); Cooper and Showman (2005); among others) or
through substellar to antistellar divergent ows (Hammond and Lewis,
2021). Both the day-to-night ows (Snellen et al., 2010; Brogi et al.,
2016), and the equatorial jets (Knutson et al., 2007) have been measured
through observations. That being said, despite the presence of these en-
ergy transport mechanisms, they are insu cient to homogenize the day
and night hemispheres (the detection of winds, is itself testament to the
existence of a day-night contrast causing a pressure gradient). Energy is
therefore reradiated to space before reaching the nightside. As a conse-
guence, we expect to nd longitudinally (as well as pressure-dependent)
di erentiated regimes. On the hot dayside, molecules can be dissociated
and atoms ionised, whereas on the cold nightside they recombine and con-
dense into clouds. (Stevenson et al., 2010; Parmentier et al., 2018; Helling
et al., 2019; Parmentier et al., 2021). It is for this reason that is often
claimed that hot Jupiter atmospheres are inherently three-dimensional.

Within the population of hot Jupiters, a subset composed of the
hottest planets quickly drew special attention due to their distinct phys-
ical conditions and atmospheric traits. Early on, before the year 2000,
research was focused on understanding planets in the range of tempera-
tures of 51 Peg b (Lothringer et al., 2018). In 2002, Sudarsky proposed a
classi cation of Jupiters into ve categories, ranging from Jovian Class |
planets, with e ective temperatures under 150K; to Class V \Roasters,"
which included all objects above 1400 K. Planets with e ective temper-
atures over 2000 K, such as OGLE-TR-56 b (Udalski et al., 2002) or
OGLE-TR-132 b (Udalski et al., 2003), were detected soon after, draw-
Ing interest to the realm of extremely irradiated hot Jupiters. Around
the same time, the discovery of ultra-cool brown dwarfs led to the estab-
lishment of a new stellar spectral class, the L dwarfs (Kirkpatrick et al.,
1999). These objects were distinguished from the warmer M dwarfs by
the absence of the strong TiO and VO absorption bands that dominate
M-dwarf spectra. Drawing from these ndings, Hubeny et al. (2003)
proposed that a similar transition should occur in exoplanet and brown

6
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dwarf atmospheres with equilibrium temperatures above 2000 K, where
TiO/VO would be able to remain in gaseous form and produce thermal
inversions. Fortney et al. (2008) investigated more thoroughly these ef-
fects and proposed a bimodal classi cation of hot Jupiters attending to
the presence of TiO/VO, with a "boundary between these classes |[...]
where Ti and V may be partially condensed [...] not yet well de ned."

In this study, we focus on ultra-hot Jupiters, which we de ne as exo-
planets with dayside temperatures exceeding 2200 K, and so where TiO
and VO should remain in gaseous form. They are therefore expected to
represent a planetary class with distinct atmospheric properties (Arcan-
geli et al., 2018).

1.2 Observing Ultra-Hot Jupiter Atmospheres

1.2.1 Theory

There are essentially three methods for studying the atmospheric
composition of a transiting exoplanet: Transmission spectroscopy, Emis-
sion spectroscopy and Phase curves. By looking at Figure 1.2, we see
they are each associated with di erent orbital regimes: primary transit,
secondary eclipse (or occultation), and the whole of the planet's orbit, re-
spectively. Transmission spectroscopy measures the di erential attenua-
tion of stellar light, for di erent wavelengths, as it traverses the planetary
atmosphere during transit. In other words, it allows us to measure the
apparent planetary size at di erent wavelengths, hinting at the opacity,
and thus chemistry, of the planet's limb. It was rst posited theoreti-
cally by Seager and Sasselov (2000), and rst applied observationally by
Charbonneau et al. (2002).

Emission spectroscopy is obtained by observing the system before
and during its secondary eclipse. This setup allows us to compare the
ux coming from the star alone (during the eclipse) with the combined
star-planet ux. In turn, by comparing both, we can retrieve the ther-
mal emission coming from the planet at di erent wavelengths. Said ther-
mal emission encodes information about the chemical composition of the
planet (probing the photospheric layers and thus deeper than the tran-
sit measurements), along with the pressure-temperature structure of its
atmosphere. This method was rst applied to characterize the exoplanet
TrES-1 b's atmosphere by Charbonneau et al. (2005).
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Intuitively, the ux observed in an emission spectrum at a given fre-
guency is generated as thermal radiation at the photosphere (de ned as
the surface layer at which the optical depth reaches a value( ) = ).

As this radiation passes through the atmosphere above, it is modi ed by
molecular absorption or emission. In particular, if upper, low-pressure
layers are cooler than the photosphere, molecules high up in the atmo-
sphere will absorb light creating absorption features. On the other hand,
if those higher altitude layers are hotter than the photosphere, molecular
features will appear in emission. Thus, emission spectra encode infor-
mation on the combination of chemistry and atmospheric temperature
structure. Incidentally, they are the best observables to probe the pres-
ence of an inverted temperature pro le, since inversions manifest directly
as emission signatures.

Figure 1.2 On top, the geometry of a transiting exoplanet as seen from Earth, repro-
duced from Gao et al. (2021). On the bottom, an example of the transiting phase
curve of the hot Jupiter HD189733 b observed at 4.5 micron with IRAC/Spitzer, after
correction of systematics, reproduced from Pluriel (2023).

Lastly, phase curves are obtained by observing the ux from a tran-
siting system over a complete orbit. This continued observation allows
us to accurately remove the stellar contribution throughout the orbit

8
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and thus study the time evolution of the planetary emission as the vis-
ible hemisphere varies. Phase curves are therefore important tools for
studying the longitudinal structure of hot Jupiters. We will not delve
into the details of phase curve interpretations (for a complete review,
see Parmentier and Cross eld (2018)). For our purposes, it is su cient
to mention two central observables: the phase curve amplitude and its
o set. The amplitude informs us about the temperature di erence be-
tween the dayside and nightside of the planet, while the o set informs of
a displacement of the hottest hemisphere from the substellar point as a
result of planetary dynamics.

1.2.2 Instruments

Several spectrographs, including some mentioned in section 1.1, have
been used during the past decades in obtaining transit and emission spec-
tra from ultra-hot Jupiters. However, the launching and start of opera-
tions of the James Webb Space Telescope has supposed a revolutionary
transformation in our capability to detect and characterize exoplanet
atmospheres. In the following paragraphs, we will present a summary
introduction to the technical capabilities of three instruments aboard
JWST, with the purpose of contextualizing the data shown in chapter 4.

NIRISS (Near-Infrared Imager and Slitless Spectrograph) covers the
wavelength range 0.8-5.0 m and o ers observing, spectroscopy and
interferometry modes. Data showcased in this work was taken in the
single-object slitless spectroscopy (SOSS) mode, which was optimized to
perform time-series observations, and in particular obtaining spectra be-
tween 0.6 and 2.8 m of transiting exoplanet systems around stars with J-
band magnitudes between 7 and 15 (Albert et al., 2023). The SOSS mode
uses the GR700XD grism to produce 3 orders of cross-dispersed specitra,
of which only the rst two are calibrated for scienti c use. NIRISS SOSS
reaches R 700 at 1.25 m in rst order, and at 0.63 m in second
order.

NIRSpec (Near-Infrared Spectrograph) performs spectroscopy from

0.6{5.3 m at resolving powers R 100, 1000, and 2700 across four ob-
serving modes. A single-object mode, named Bright Object Time Series
(BOTS), was optimized for exoplanet transit observations, by providing
both stable observing conditions and high photometric precision (Beker
et al., 2022). The WASP-121 b observations later displayed in this work
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were obtained using the disperser- Iter combination G395H/F290LP,
which provides continuous wavelength coverage between 2.70-3.72 and
3.82-5.15 m, at a resolution R 2,700.

MIRI (Mid-Infrared Instrument) provides imaging, coronagraphy, and
spectroscopy in the 5{28 m range. WASP-121 b has been observed
with MIRI using the Low Resolution Spectroscopy (LRS), which o ers
both xed slit and slitless spectroscopy from 5 to 14 m using a double
prism mounted in the MIRI Iter wheel (Kendrew et al., 2016). LRS was
used in the slitless spectroscopy mode to observe WASP-121 b, as it's
designed to record variable phenomena. It provides a spectral resolving
power of R 100 at 7.5 m, going from R 40 at5 mto R 160 at 10

m.

1.3 TiO and VO in Hot Jupiters

1.3.1 Atmospheric E ects of TiO and VO

As mentioned above, Fortney et al. (2008) presented a bimodal clas-
si cation of hot Jupiters that distinguished those for which TiO and VO
appear in their gaseous form, from those in which these molecules are
completely condensed out. The authors go on to show, by computing
atmospheric spectra and Pressure-Temperature (PT) pro les using a 1D
plane-parallel model code (McKay et al., 1989), that the presence of TiO
fundamentally alters the pattern of atmospheric absorption and emission
of light, resulting in inverted pro les.

We reproduce their resulting PT pro les in Figure 1.3. The models
naturally separate into two groups. The three cooler atmospheres show
non-inverted structures, with temperatures decreasing at lower pressures.
In contrast, the three hotter cases reveal thermal inversions above 0.01
bar, by which temperatures increase with altitude. This division is shown
to closely follow the Ti condensation boundary: only when the upper
atmospheric layers lie to the right of the 90% condensation line, allowing
TiO/VO to remain gaseous, can an inversion develop. However, this
alone does not constitute de nitive proof that TiO/VO, and only these
species, are responsible for driving inversions. To further explore the
issue, Fortney et al. (2008) calculated the absorption of stellar radiation
at di erent pressures for both an inverted and a non-inverted pro le.

We present the absorption spectra calculated at ve pressure levels

10
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Figure 1.3 Model P-T proles for planets withg = 15 m s 2 and Tint = 200K at
various distances (0.025-0.055au) from the Sun. Thigy value is roughly consistent
with that expected for a 1 Mj planet with a radius of 1.2 Ry. Condensation curves
are dotted lines and the curve where CO and Cklhave equal abundances is dashed.
The 0.1X Ti-Cond curve shows where 90% of the Ti has condensed out.

by Fortney et al. (2008) in Figure 1.4, where the left panel corresponds
to a planet with an inverted prole and the right panel to one with-
out an inversion. In the two highest-altitude layers (0.45 mbar and 4.4
mbar), absorption in the inversion case peaks in the optical (black solid
line maximum), corresponding to TiO band opacities (orange-shaded re-
gion). Water vapor absorption (visible within blue-shaded ranges, as
smaller positive bumps in the black curve) is comparatively weaker, par-
ticularly attending to the log-scaling of the plot. By contrast, in the
non-inverted atmosphere (right column) at the same high-altitude pres-
sures, absorption is dominated by the Na (0.59m) and K (0.77 m)
lines (also shaded in orange), whose strength is comparable to that of
water.

As we probe deeper into the atmosphere, certain wavelengths of light

11
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Figure 1.4 Graphics modi ed from Figures 5 and 6 from Fortney et al. (2008)Left:

Net incident ux (ergs g 1s1 m 1) absorbed in ve model layers for an ultra-hot
Jupiter model with g=15m s 2 at 0.03 au from the Sun. We can see that the main
source of opacity in the upper atmosphere (maximum values of the, log-scaled, solid
black line in the top left panel) corresponds to the TiO band.Right: Net incident

ux (ergs g 1s 1 1) absorbed in ve model layers for an ultra-hot Jupiter model

with g =15 m s 2 at 0.05 au from the Sun. We can see that the main source of
optical opacity in the upper atmosphere (maximum values of the solid black line in the
top right panel) correspond to the isolated Na and K lines, and is comparable to water
band absorption.

start being fully absorbed. In the inverted atmosphere (left column),
optical absorption ux (black solid line) goes to zero in the 43 mbar level

at a wavelength near 0.6 m. Because TiO absorption is already highly

e ective in the layers above, no radiation at this wavelength reaches this
pressure level, and so none is absorbed. A similar process occurs for the
3 m water band at 420 mbar in the inverted case. As this happens
deeper in the atmosphere, we can conclude that water's absorption ef-
ciency is weaker than that of TiO for planets showing inversions. In
the non-inverted case (right column), depletion of radiation in the 3 m
water band and the alkali optical line frequencies occurs near 420 mbar

12
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(i.e., for the three topmost panels in the right column, the black solid
line takes on greater-than-zero values). This comparison highlights that
while water behaves similarly in both scenarios, optical absorption is far
more e ective when TiO is present. That is, stellar optical radiation is
absorbed higher up in the atmosphere if gaseous TiO/VO are present.
Through this modeling e ort, Fortney et al. (2008) e ectively proves

that when planets have equilibrium temperature greater than a threshold
allowing for TiO to remain in gaseous phase, TiO/VO become the main
optical absorbers, orders of magnitude more e cient than other opacity
sources in the optical or near-infrared. The resulting enhanced optical
absorption in the upper layers heats them up, generating the inverted
temperature proles seen in Figure 1.3. In turn, these hotter layers
reradiate this energy, particularly in the form of optical and near-infrared
(1.4 m water band) radiation. Conversely, non-inverted atmospheres
have colder upper layers, with a Planck function displaced to longer
wavelengths and thus re-emit light at this altitudes mainly through the 3

m water band. To understand the di erences in the emission spectrum
between inverted and non-inverted atmospheres we refer to the previous
subsection 1.2.1, where a more thorough explanation of why the presence
of an inverted pro le generates molecular features in emission, instead of
absorption, is provided.

1.3.2 Observational Evidence for TiO and VO

Following Fortney's argument, as presented above, we would expect
there to be a dayside temperature (corresponding to the threshold of TiO
condensation) above which all ultra-hot Jupiters show inverted pro les,
and below which all hot Jupiters show non-inverted pro les. In other
words, we would expect to nd two distinct regimes when carrying out
population studies. Such a bifurcation is indeed observed in the case of
Brown Dwarfs, where M dwarfs and L dwarfs form two spectrally and
physically distinct groups, driven by the respective presence or absence
of TiO in their atmospheres.

Reanalyzing consistently alSpitzer/IRAC 3.6 and 4.5 m secondary
spectra, Deming et al. (2023) nd an abrupt rise in planets' brightness
temperature occurring at an equilibrium temperature between 1714 and
1818K. The authors interpret this sudden jump in brightness tempera-
tures as either an onset of magnetic drag or dissipation of dayside clouds.
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However, comparing said dataset with a grid of simulated hot Jupiters,
Roth et al. (2024) puts forward a new potential explanation for this phase
change: that the sudden appearance of TiO/VO changes the planet's
atmospheric heat redistribution factor. Conceptually, the presence of
gaseous TiO and VO in the dayside of the planet captures stellar energy
higher up in the atmosphere, and reradiates directly to space, reduc-
ing circulation to the nightside, and increasing the planetary brightness
temperature. Both observations from Deming et al. (2023) and models
in Roth et al. (2024) agree on the magnitude of the jump in brightness
temperature and on the equilibrium temperature at which it takes place.
Furthermore, it coincides with previous estimates about the position of
this boundary, such as Parmentier et al. (2016), who predicted the transi-
tion to occur at 1900 K. Therefore, a population analysis in the Spitzer
bandpasses agrees with the theory of TiO/VO generating two distinct
hot Jupiter planetary regimes with a localized transition.

However, observations by thélubble Space TelescojsWFC3 showed
some unexpected results. Non-inverted thermal structures, inferred from
a presence of spectral absorption features, were con rmed for cooler hot
Jupiters, such as WASP-43 b (Stevenson et al., 2014) and HD209458 b
(Line et al., 2016), as predicted theoretically. Instead, for hotter exo-
planets, detections showed blackbody-like emission spectra, instead of
the expected emission features (e.g., WASP-12 b; Swain et al. (2013);
WASP-103 b; Cartier et al. (2017); Kreidberg et al. (2018); WASP-18 b;
Arcangeli et al. (2018); and HAT-P-7 b; Mans eld et al. (2018)). Admit-
tedly, the spectra of WASP-33 b (Haynes et al., 2015) and WASP-121
b (Evans et al., 2017) were interpreted to present the expected emission
features, but, in a more puzzling turn, Kepler-13A b (at an equilibrium
temperature of 2550K, well above the inversion threshold) was reported
to present an absorption feature (Beatty et al., 2017).

Retrieval solutions to these unexpected ndings resorted to vary-
ing drastically the predicted metallicity and C/O for di erent planets.
These ranged from sub-solar metallicity and oxygen-rich composition
(for WASP-33 b, Haynes et al. (2015)) to super-solar metallicity and
carbon-dominant atmospheres (for WASP-18 b, Sheppard et al. (2017)).
This case by case method, invoking ne-tuned metallicity and C/O ra-
tios, seemed unlikely to explain the seemingly ubiquitous weaker-than-
expected spectral features in the 1.1-1.7/m bandpass probed bHST/WFC3.
Instead, Parmentier et al. (2018) investigated the e ects of thermal dis-
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sociation, ionization, and H opacity, nding that the combination of a

vertical molecular gradient due to dissociation and the e ect of H was

a more likely explanation for the weakening of water features in the 1-2
m wavelength range.

Similarly, Lothringer et al. (2018) tested the e ects of vertical chem-
ical gradients and H opacity in the PT proles and emission of hot
Jupiters. They found that for hot Jupiters at temperatures>2500K,
strong thermal inversions can be generated without the need for TiO or
VO. Instead, the combination of atomic metals (primarily Fe | and Mg
1), SIO molecules, metal hydrides, and H su ce to create the inversion,
particularly when looking at early-type host stars. They also notice that,
despite them showing a temperature inversion, ¥ features are absent
in the secondary eclipse spectra of all models without TiO and VO, re-
gardless of whether H opacity is accounted for. This is a consequence
of the fact that models without TiO and VO are 200K hotter deeper
in the atmosphere (due to the reduced opacity in the upper layers). The
resulting temperatures are high enough to thermally dissociate,B, di-
minishing its resulting spectral features. In sum, both Parmentier et al.
(2018) and Lothringer et al. (2018) con rmed numerically the connection
between the atmospheric presence of TiO/VO and the detection of water
bands in emission, while the latter questioned the need for TiO/VO to
generate inverted pro les.

Another direct observational technique further complicates the pic-
ture. High-resolution spectroscopy works by cross-correlating the ob-
served planetary spectrum (after subtracting telluric and stellar contri-
butions) with a molecular line template. By shifting the template in
velocity space until its correlation to the planet spectrum peaks, one can
statistically infer both the presence of a given species and its character-
istic velocity. This method has been applied to the search for TiO in
ultra-hot Jupiters, but so far a robust detection has only been reported
for WASP-33 b. Using CARMENES, Cont et al. (2021) detected TiO
at a signi cance of 4.9 , though the signal was absent in HARPS-N
data. They also found the line strength to vary along the planet's phase
curve. Given the unigueness of this result, high-resolution spectroscopy
has yet to establish TiO as a widespread constituent of ultra-hot Jupiter
atmospheres.

Given the lack of water emission features IHHST data and the ab-
sence of direct TiO detections from high-resolution spectroscopy, a natu-
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ral question arises: could it be that TiO and VO are simply absent from
these atmospheres? In other words, could the failure to observe these
species be due to a depletion of TiO and VO relative to the abundances
predicted by equilibrium chemistry in ultra-hot Jupiters?

1.3.3 TiO Depletion: Mechanisms

Several mechanisms have been proposed by which TiO and VO could
be depleted from daysides of ultra-hot Jupiters even in cases where
their equilibrium temperatures are above TiO's condensation threshold.
Spiegel et al. (2009) posited that TiO could only avoid being completely
condensed out due to gravitational settling into the deep layers of the
planet (in what the authors termed a dayside cold trap) in planets with
high vertical mixing. According to these results, TiO should be absent
from the atmospheric upper layers where the temperature inversions are
taking place. However, employing 3D global circulation models, Par-
mentier et al. (2016) argued that planets with equilibrium temperatures

1900K were not expected to present this TiO dayside cold trap (and
indeed were better modeled when including TiO/VO). Alternatively, Par-
mentier et al. (2013) postulated the possibility of a nightside cold trap
for TiO and VO. Speci cally, they found that TiO would be absent from
the dayside stratosphere of a planet such as HD 209458 b if it condensed
into particles on the order of a few microns in size. Knutson et al. (2010)
also put forward the idea that increased UV ux received by planets or-
biting active stars could destroy the molecules responsible for thermal
inversions, including TiO. Lastly, it has also been posited that ultra-hot
Jupiters might be characterized by a low Ti/O formation ratio, giving a
composition-based explanation to our lack of TiO detections.

The theoretical framework is thus still not fully agreed upon. The
presence of TiO in ultra-hot Jupiters' atmospheres seems to be necessary
to generate emission features in secondary spectra, as the main source
of optical inversions. However, we have also reviewed feasible mecha-
nisms for TiO depletion, putting into doubt the assumption, shared by
many modeling e orts, that TiO should be found in chemical equilib-
rium. In this work, we will investigate precisely the possibility of TiO
being present in an ultra-hot Jupiter atmosphere in chemical disequilib-
rium. We will do that by computing and comparing global circulation
models with JWST observations of the exoplanet WASP-121 b. In the
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next section, we will introduce the speci c characteristics of this exo-
planet that make it the ideal target for this study.

1.4 WASP-121 b: An Informative Case Study

1.4.1 Detection and HST Observations

WASP-121 b was discovered in 2016 by the WASP-South survey (Del-
rez et al., 2016), with a measured mass of1B395%> M uup, a radius of
1:865 0:044;R;,,, and an orbital period of 1274925535052 days. Al-
ready in the discovery paper, the system was highlighted as particularly
interesting, both due to the expected detectability of its secondary eclipse
(with a signal above 500 ppm level) and its unusual orbital con gu-
ration. The host star was found to have a relatively low inclination,
implying that transits could only occur if the planet follows a nearly po-
lar orbit. This was inferred from the weak Rossiter{McLaughlin signal
and from reconstruction of the stellar rotation rate using radial velocity
residuals (after subtraction of the planetary signal). The study also re-
vealed a substantial spin{orbit misalignment, interpreted as evidence for
a dynamical migration history, potentially involving strong scattering or
Kozai{Lidov oscillations.

That same year, Evans et al. (2016) publishedubble Space Telescope
(HST) Wide Field Camera 3 (WFC3) observations of WASP-121b. The
resulting transmission spectrum showed features centered around 1.2 and
1.4 m (the latter being generated by HO absorption, detected at a con-
dence level of 5.4 ), and an enlarged e ective planetary radius at opti-
cal wavelengths with respect to the near infrared. This phenomenon was
shown to be modeled preferably by a clear atmosphere, where TiO/VO
and FeH absorption are responsible for the additional optical opacity.
Authors found said model more likely than a haze-covered atmosphere,
although they did not discard the possibility of both TiO/VO absorp-
tion and haze scattering playing a role in this planet. However, using
the same dataset and a di erent retrieval method, Tsiaras et al. (2018)
nd both a TiO/VO abundant and a high-altitude haze model to be
statistically indistinguishable from each other. Furthermore, referencing
the work in Kempton et al. (2017), they pointed out that non-uniform
clouds/hazes on WASP-121b could also explain some of the observed
spectral gradients.
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Salz et al. (2019) published near-ultraviolet (200{270nm, NUV) tran-
sit data obtained with the Ultraviolet/Optical Telescope (UVOT) on-
board the Neil Gehrels SwiftObservatory. The authors present a tenta-
tive excess NUV absorption with respect to optical of 0.55% at a 1.9
level. The authors also showed that such an excess is compatible with the
absorption e ects by Fe Il in an extended, in-transit atmosphere caused
by photoevaporation. Using transit near-ultraviolet data from theHubble
Space TelescopéHST) Space Telescope Imaging Spectrograph (STIS),
as part of the PanCET program, Sing et al. (2019) conrmed an ex-
cess NUV absorption at a 6 con dence level. Furthermore, the authors
detect ionized species Mg Il and Fe Il at altitudes outside the planet's
Roche lobe, either escaping the planetary atmosphere or magnetically
con ned.

Regarding emission spectra, Evans et al. (2017) and Mikal-Evans
et al. (2019) published observations using thelST WFC3 instrument,
spanning continuously between 0.8 and 1.6 m. Both analyses coincide
in the presence of an atmospheric inversion in WASP-121 b's atmosphere
between 30-5 mbar, and they both reported the water feature at 1.4

m to be highly attenuated. After performing retrieval analyses assuming
chemical equilibrium, Mikal-Evans et al. (2019) found a metallicity value
of [Fe/H]=1:09%3, dex and a C/O of Q499%. Neither of these two
studies was able to directly detect emission signals from either TiO or
VO.

By 2020, an intuitive understanding of the physical conditions present
in WASP-121b's atmosphere was being achieved through low-resolution
spectroscopic analyses. WASP-121b started to appear as a characteristic
ultra-hot Jupiter, tidally locked and with an in ated exosphere. Optical
and NIR spectra pointed at the presence of a temperature inversion above
its photosphere, con ned to the dayside of the planet, and potentially
caused by the combined e ect of TiO/VO. NUV measurements hinted at
escaping atmospheric refractories, describing a di erent physical regime
in the upper atmosphere. These intuitions would be further re ned by
the acquisition of other measurements, namely phase curves and high-
resolution transit spectra.

As discussed in subsection 1.2.1, phase curve observations enable im-
proved exoplanet characterization by constraining longitudinal temper-
ature variations and identifying systematics not evident in transit data.
For WASP-121b, phase curves have been measured with TESS (Bour-
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rier et al., 2020; Daylan et al., 2021)Spitzer (Morello et al., 2023), and
JWST (Sing et al., 2024; Evans-Soma et al., 2025). These studies con-
sistently reveal minimal post-eclipse peak o sets, indicating ine cient
atmospheric heat transport. All the system parameters derived in these
works are listed in Table 5.1, in Appendix A, but throughout this study
we adopt the values from Sing et al. (2024).

1.4.2 High-Resolution Spectroscopy

Through high-resolution spectroscopy, diverse observations soon un-
covered a rich inventory of neutral, ionized, and molecular species in
WASP-121b's atmosphere. Gibson et al. (2020) reported an 8letection
of Fe | using the blue arm of the UV-Visual Echelle Spectrograph (UVES,
with a resolution R 80000) at the Very Large Telescope (VLT; Dekker
et al. (2000)). Cabot et al. (2020) obtained optical spectra of WASP-
121 acquired with the HARPS (High-Accuracy Radial-velocity Planet
Searcher) echelle spectrograph (R 115000). On top of con rming the
Fe | detection (potentially restraining it to the stratosphere of the planet,
and positing it as a source of the temperature inversion), they also de-
tected H I and Na | through the H and Na doublet lines. Ben-Yami et al.
(2020) reported detections of Cr l and V | at 3.6 and 4.5 , respectively,
also using HARPS data, and furthermore con rmed previous detections
of Fe | and Fe Il. Using three nights of HARPS observations Hoeijmakers
et al. (2020) detected Mg I, Ca |, and Ni I, on top of con rming previous
detections. Interestingly, they reported non-detections of Ti and TiO,
which they argued supported the hypothesis that Ti was being depleted
via a cold-trap mechanism, a conclusion that was supported by Gibson
et al. (2022) in a reanalysis of their UVES data.

The commissioning in 2020 of the Echelle SPectrograph for Rocky Ex-
oplanets and Stable Spectroscopic Observations (ESPRESSO, 138,000)
at the Very Large Telescope (VLT) has enabled a range of new discover-
ies, particularly thanks to its 4-UT mode which achieves S/N equivalent
to a 16 m aperture. Borsa et al. (2021) reported new detections of K |,
Lil, Call, and Mg I, on top of con rmations of previously found species,
and non-detections of Ti I, Ti Il, VO or TiO. Seidel et al. (2023) utilized
high resolution spectroscopic observations in order to study the vertical
structure and dynamics of WASP-121 b's upper atmosphere, in a work
that was followed up in Seidel et al. (2025) with an analysis of the vertical

19



PABLO DRAKE CHAPTER 1. INTRODUCTION

structure of the ultra-hot Jupiter's jet.

A claimed detection of TiO and VO in WASP-121 b's atmosphere was
reported by Ouyang et al. (2023) using the Goodman High Throughput
Spectrograph on the 4 m Southern Astrophysical Research Telescope.
However, subsequent ESPRESSO observations in 4-UT mode, both of
the dayside (Hoeijmakers et al., 2024) and during transit (Prinoth et al.,
2025), failed to con rm this result, instead reporting non-detections of
TiO. Notably, Prinoth et al. (2025) combined two ESPRESSO transit
datasets to achieve cross-correlation detections of multiple neutral and
lonized species, includingH I, Lil, Nal,KI,Mgl, Cal, Til, VI, Crl,
Mnl, Fel, Fell, Col, Nil, Ball, Sr |, and Sr Il. They presented a 5
Ti | detection, showing that Ti | is depleted relative to V | and that its
signal originates primarily from low latitudes within the super-rotating
jet.

1.4.3 JWST Observations

WASP-121 b has been observed with three di erent JWST instru-
ments: NIRISS, NIRSpec, and MIRI. In particular, a NIRSpec phase
curve was observed as part of the Cycle 1 GO 1729 Program (Mikal-
Evans et al.,, 2021), a NIRISS phase curve was observed by the GTO
1201 Program (Lafreniere, 2017), and a MIRI transit was observed by
the Cycle 2 GO 2961 Program (Molliere et al., 2023). In this work, we
will use the NIRISS/SOSS data published by Pelletier et al. (2025) and
the NIRSpec/G395H observations presented in Gapp et al. (2025).

It should be noted that during the preparation of this thesis, two
key studies were published presenting JWST/NIRSpec G395H observa-
tions of WASP-121b. Gapp et al. (2025) reported a transmission spec-
trum spanning 2.7{5.2 m, identifying SiO at a 5 signi cance level. In
parallel, Evans-Soma et al. (2025) published the planet's phase curve
over the same wavelength range, detecting,B®, CO, and SiO on the
dayside, and CH on the nightside. They further inferred super-stellar
abundances of C/H, O/H, Si/H, and C/O, which they interpreted in
the context of WASP-121 b's formation pathway. This result is espe-
cially relevant to our work in its retrieval of both supersolar metallicity
and C/O, which stands in contradiction with earlier studies. In partic-
ular, Mikal-Evans et al. (2019) retrieved supersolar metallicity but solar
C/O, and Parmentier et al. (2018) computed a series of 3D GCMs which
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did not favor supersolar metallicities. Lastly, Evans-Soma et al. (2025)
published JWST emission spectra in which the 3.0m water band was
shown clearly in emission, aligning with expectations from the simulated
inverted PT pro les.

At the outset of this thesis, two seemingly contradictory observational
results had been established for WASP-121b. On the one hand, multiple
studies con rmed the presence of a thermal inversion, and early JWST
emission spectra revealed water bands in emission. On the other hand, re-
peated high-resolution spectroscopic analyses consistently reported non-
detections of TiO. This discrepancy could have a simple explanation:
cross-correlation analyses at high resolution are highly sensitive to the
completeness of the line lists employed (Piette et al., 2020), and several
studies have suggested that current TiO line lists may be insu cient,
leading to false non-detections (Prinoth et al., 2025).

In any case, the tension between low- and high-resolution measure-
ments has revived the hypothesis that TiO may indeed be depleted in
WASP-121 b's atmosphere, evading detection in high-resolution spec-
troscopy, yet abundant enough to shape the planet's thermal structure.
With the availability of high-quality JWST data, WASP-121 b presents
itself as an ideal laboratory to test the role of optical absorbers, particu-
larly TiO and VO, in hot Jupiter circulation and temperature structure.

In this work, we address this question by running a series of 3D Global
Circulation Models with TiO/VO abundances depleted relative to chem-

ical equilibrium, and comparing their predictions against observational

constraints.

1.5 Outline

This thesis aims to investigate whether TiO and VO are present in
the atmosphere of WASP-121 b by employing Global Circulation Models
(GCMs). The structure of the work is as follows:

In Chapter 2, we describe the software setup employed to produce
the GCMs: SPARC/MITgcmin particular, we specify how it handles
dynamics, radiative transfer and chemistry in the atmosphere, and how
we model TiO-depletion. Lastly, we presengCMCRThe software used
to produce observables (such as emission and transmission spectra) from
the 3D models.

In Chapter 3, we describe the simulated atmospheres across our grid
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of ten models with varying TiO/VO abundances. We examine how par-
tial depletion in uences circulation patterns and thermal structures, and
we introduce the HO/TiO metric as a diagnostic for transitions between
non-inverted and inverted temperature pro les. This metric is then gen-
eralized to predict inversion locations under di erent metallicity and C/O
conditions.

In Chapter 4, we translate our modeled atmospheres into observable
guantities, computing emission spectra to assess the in uence of TiO/VO
depletion. These spectra are compared to JWST observations of WASP-
121 b, highlighting mismatches and their potential origins. We then dis-
cuss which chemical scenarios are most consistent with the data. Lastly,
we introduce the water feature strength metric as de ned by Mans eld
et al. (2021). We calculate this quantity for each of our models to mea-
sure the impact of TiO/VO depletion on the planet's emission spectra
and analyze the resulting trends.
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Chapter 2 { Methodology: GCM Grids

General circulation models (GCMs) work by discretizing the equa-
tions for uid motion and energy transfer in an atmosphere and integrat-
ing them over time. GCMs grew out of mid-century meteorology, the
rst being developed by Norman Phillips, who created a two-level nu-
merical experiment to model Earth's tropospheric circulation (Phillips,
1956). By the late 1960s, models combining both oceanic and atmo-
spheric processes were developed at the NOAA Geophysical Fluid Dy-
namics Laboratory. First applications of GCMs to extraterrestrial at-
mospheres took place in the early 1990s, with groups at NASA's Ames
Research Center (Haberle et al., 1993) and the CNRS's Laboratoire de
Mekorologie Dynamique (LMD) (Forget et al., 1999) developing mod-
els of Mars's atmosphere, demonstrating the portability of terrestrial
primitive-equation frameworks to thin, CO,-dominated atmospheres. In
the following years, GCMs were adapted for other solar system bod-
les, such as Titan (where Hourdin et al. (2004) found superrotation and
coupled surface{atmosphere exchange), or Jupiter (Bougher et al., 2005;
Lian and Showman, 2010).

In parallel, also in the early 2000s, GCMs started being applied to
the eld of exoplanets, and in particular to model hot Jupiters. The
rst 3D GCM applied to a hot Jupiter was in the aforementioned work
by Showman and Guillot (2002), using the EPIC (Explicit Planetary
Isentropic Coordinate) model (Dowling et al., 1998). The authors were
able to reproduce the day-night atmospheric temperature contrast, and
derive the presence of a super-rotating jet. Many other models followed,
both studying general properties of ultra-hot Jupiter populations, as well
as trying to target individual planets (Showman et al., 2008; Dobbs-
Dixon et al.,, 2010). GCMs proved ideal to tackle the inherently 3D
nature of ultra-hot Jupiter atmospheres, capturing phenomena such as
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the eastward shift of the hotspot with respect to the substellar point
due to circulation patterns. The rst GCM to include non-gray radiative
transfer modeling wasSPARC/MiTgcigghowman et al., 2009). Today,
there are many GCMs based on di erent dynamical cores and radiative
transfer schemes, such as THOR (Mendorca et al.,, 2016), the Uni ed
Model (UM) (Mayne et al., 2014), or EXO-FMS (Lee et al., 2021).

2.1 Dynamics

In this work, we will use the non-gray global circulation modeSPARC/MiTgcm
(Showman et al., 2009). SPARC/MITgcm has been previously used to
model atmospheres of hot Jupiters (Kataria et al. 2015, 2016; Parmen-
tier et al. 2013, 2016, 2018, 2021; Showman et al. 2009, 2015; Steinrueck
et al. 2019). This model uses a dynamical code from MITgcm (Adcroft
et al., 2004), coupling it with the plane-parallel radiative transfer code of
Marley and McKay (1999) and solving a set of primitive equations (see
subsection 2.1.1) on a cube-sphere grid.

The set-up of the GCM here is very similar to that described in Roth
et al. (2024), in turn similar to the one used in Parmentier et al. (2021).
All the computed models assume an internal heat ux corresponding to
a temperature of 100 K. All of our models use a series of xed plane-
tary parameters corresponding to the WASP-121 b values presented in
Sing et al. (2024) and summarized in Table 5.1, in Appendix A. Rather
than including a Rayleigh drag parameterization, the models account for
dissipation using a 4th-order Shapiro Iter applied to the temperature
and velocity elds. This Iter removes kinetic energy by smoothing hori-
zontal gradients between grid points. A uniform dissipation timescale of

snap — 00S is adopted for all simulations, so that the level of numerical
dissipation scales with each model's kinetic energy (Koll and Komacek,
2018).

We allowed the model atmospheres to evolve for approximately 300
Earth days for all models, taking the last checkpoint generated as our
output. Showman et al. (2009) showed that increasing the integration
time above 300 days had virtually no e ect on the resulting exoplanet
light curves, and thus no dynamical e ect. In other words, we consider
that a pseudo-steady state has been reached at the photosphere of our
simulations, even if not full model convergence (Wang and Wordsworth,
2020). Using a similar setup to ours, Roth et al. (2024) also shows that
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increasing the integration time upwards of 1000 Earth days does not
substantially alter the day-to-night energy ow.

The models were run using a curvilinear, cubed-sphere, coordinate
system at a horizontal resolution of C32, roughly corresponding to a reso-
lution of 128 longitudinal and 64 latitudinal cells. The cube-sphere grid is
preferred over a standard longitude/latitude coordinate system because,
in the latter, grid spacing converges to zero near the poles, prompting
numerical instabilities. In the case of the cube-sphere, there are eight
corner points, where grid spacing is smaller, but coordinate lines remain
well separated until very close to these corner points, thus reducing in-
stability (Showman et al., 2009). Our atmosphere is then split into 48
pressure levels, between4 10 ° and 200 bars. All simulations were ini-
tialized with a time step of 20s, but numerical instabilities, particularly
in the hottest models, consistently led to errors. Following each crash,
the model was restarted with a reduced time step of 10s, and further
decreased to 5s if instabilities persisted.

A signi cant di erence with respect to most previous studies, both
speci c to WASP-121 b (Parmentier and Cross eld, 2018) and more gen-
eral to ultra-hot Jupiters (Roth et al., 2024), is the inclusion, in our
models, of H dissociation e ects. Komacek and Tan (2018) presented
the theoretical framework for understanding the e ect of H dissociation
and recombination, and Tan and Komacek (2019) modeled those same
e ects in a suite of GCMs. It is known that H, starts partially dissociat-
Ing at temperatures 2500K, being therefore an important e ect in the
atmosphere of WASP-121 b. Both GCM experiments and theory pre-
dicted that dissociation and recombination e ects reduce the day-night
temperature contrast of UHJs with increasing equilibrium temperature.
Intuitively, energy is lost from the hotter dayside in dissociating H (thus
cooling it), and energy is released due toHecombination in the cooler
nightside (thus heating it). This cycle of dissociation and recombination
enhances heat transport and reduces the day-night temperature di er-
ence for planets having equilibrium temperatures above 2000K (Tan and
Komacek, 2019). In this work, we implement the same idealized numer-
ical schemes as Tan et al. (2024), by implementing thermodynamically
active tracers to track the evolution of the atomic hydrogen mixing ra-
tio. To avoid huge temperature gradients between cells caused by in-
stantaneous recombination/dissociation of tracers, a time-scale of 50s is
associated to the process, guaranteeing the stability of the models.
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2.1.1 Governing Equations

In this subsection, we provide a quick summary of the equations
resolved in the GCM to model dynamics, and their underlying approx-
imations. The purpose of including this short section is not to provide
a comprehensive derivation of the expressions, but to introduce them in
order to build intuition on the ins and outs of the GCM.

Atmosphere dynamics are completely controlled by a set of six equa-
tions: conservation of momentum (for each of the three velocity compo-
nents), conservation of mass (or continuity equation), equation of state
of the gas, and conservation of energy. In spherical coordinates;(r ),
conservation of momentum and mass take the following form:

Du uvtan uw 1 @P

= +fv  fQ — +D; 2.1
Dt r r v r cos @ ’ (2.1)
Dv u?tan VW 1 @P
— = — 4+ . .
Dt r r uf r @ D (2:2)
Dw U2+ V2 0 1@P

= + _— .
Dt - uf g(r) ar (2.3)

2

D _ 1 @u+ 1 @vcos) N i@r W) (2.4)
Dt rcos @ rcos @ r2 @r

Where (u,v,w) are the gas parcel velocities at each grid point follow-
ing the unit vectors (e ; e; &), de ned as

u=rcos D V= rD—' w = or.
B Dt’ ° Dt' = Dt
g(r) is the height dependent gravity given by
2
Rp

a(r)= o i

with g, being the gravitational acceleration atr = Rp; and lastly, the
Coriolis parameters are

f=2sin ; f%=2cos

For atmospheres, it is more useful to use pressure rather than height
as the vertical coordinate, allowing for the discretizations of the equa-
tions.
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The resulting set of equations takes the form:

%:+vh Fev= Fp TR A+ Dy (2.5)
%p: 1 (2.6)

S %!p: 0; (2.7)
%} My T = %+ (!:—p+ Dr: (2.8)

wherer is the horizontal gradient, is the gravitational potential, K is
the local vertical unit vector, p is the pressure, is the density, T is the
temperature, g is the thermodynamic heating rate andc, is the specic
heat capacity.

The last equation 2.8 is often expressed as:

Q = _ﬂ + (29)
@t T
where represents potential temperature and follows the expression:
R
Po @
5 (2.10)

with Py being a reference pressure. In Equation 2.5, Equation 2.8, and
Equation 2.9, we include the term®, , Dy and D . These are dissipa-
tion terms, included to track the dissipation of kinetic energy. They
are meant to comprise all kinds of dissipative drag forces acting on
winds, such as Ohmic dissipation from magnetic drag, shocks and shear-
instabilities.

Furthermore, as state above, the GCM also includes an equation of
state of the gas, which is the ideal gas law:

p=Ket (2.11)

where kg is the Boltzmann constant and the mean molecular weight
of the atmosphere.
Underlying this set of equations, there are four assumptions:

" Constant gravity. gravity is supposed constant through the whole
atmosphere ifR, z, where z is the vertical height of the atmo-
sphere.This approximation also includes the approximation of no self
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gravity. That is, the mass of the atmosphere is small with respect
to the mass of the planet.

The shallow- uid approximation: the vector invariant form of the
momentum equation can be written by assuming that when! R,
@@r! @@z This approximation is true if R,  z.

The traditional approximation: whenever the shallow- uid approx-
imation is applied in spherical coordinates, the resulting equations
lack self-consistency and, in particular, they do not conserve the an-
gular momentum (Phillips, 1966). This is solved by assuming that
terms proportional to 1= and 9= are negligible in the full momen-
tum equations.

The hydrostatic approximation the gravitational term in the verti-

cal momentum equation is assumed to be balanced by the pressure
gradient term: de=r = g . This is valid for atmospheres where the
horizontal length scale is much larger than the vertical length scale,
L H.

2.2 Radiative Transfer and Chemistry

For the 3D GCM simulations, radiative transfer is handled via the
plane-parallel radiative transfer code of Marley and McKay (1999), which
has often been used to study hot Jupiters and ultra-hot Jupiters (Par-
mentier and Cross eld, 2018; Parmentier et al., 2021). In order to model
opacities during the GCM calculations, we use those presented in the
2020 Sonora model (Lupu et al., 2021). The Sonora model presents
108 correlated k-coe cients datasets, each corresponding to a value of
metallicity and C/O ratio, and, in turn, each containing 1460 pressure-
temperature points. The correlated-k distribution method (Goody and
Yung, 1989; Lacis and Oinas, 1991) was developed to accelerate spectral
transmittance calculations by rst splitting the spectra into 11 frequency
bins (Kataria et al., 2013) and then statistically resorting gaseous absorp-
tion coe cients (corresponding to thousands of lines) in monotonically
increasing order. This e ectively equates the absorption coe cient func-
tion with a cumulative probability function. Said function can then be
described by a series of only 8 k-coe cients.

In order to go from the correlated-k tables for individual species to
computing the k-coe cients of the atmospheric gas mixture, we employ
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a Python module developed by Nishil Mehta. This module calculates the
opacity table by mixing input correlated-k tables according to user-given
abundances. We then use thexo-k Python library to bin down the
opacity of the gas mixture to 11 bins as in Kataria et al. (2016). The
formalism to bin down the k-tables was presented in Leconte (2021). The
mixing up of individual species' opacities is performed by employing the
random overlap method, which assumes their absorption cross-sections
are uncorrelated (Amundsen et al., 2017).

The choice to adopt non-gray opacities is motivated by the strong
coupling between opacity and atmospheric thermal structure. Changes
in opacity directly in uence the radiative timescale, thereby shaping cir-
culation and temperature proles. In turn, modi cations to the ther-
mal structure can alter atmospheric chemistry or introduce pressure and
temperature broadening, which feed back to modify opacity (Parmentier
et al., 2018). It has consequently been proved that using gray opaci-
ties can signi cantly hinder the ability to correctly model atmospheric
dynamics (Parmentier et al., 2013), and in turn impede energy conserva-
tion when calculating planetary spectra from the atmospheric tempera-
ture distribution.

With respect to the chemistry used in our models, we assume local
chemical equilibrium for all species but TiO and VO (see subsection 2.2.1)
with rain-out of condensate materials (Visscher et al., 2010) and a solar
C/O ratio of 0.458 (Lodders, 2010). The assumption of chemical equi-
librium is more than justi ed by the temperature of WASP-121 b, at
which hydrodynamic timescales are longer than the chemical timescales.
In the assumption of chemical equilibrium, we disregard the e ect of
physical processes such as photochemistry or chemical quenching, which
we assume to have minimal e ects on the computed thermal structures.
Both molecular and atomic chemical abundances are calculated using the
NASA CEA Gibbs minimization scheme (Gordon and Mcbride, 1994).

2.2.1 TIiO/NO grid

The purpose of our work is to model the atmosphere of WASP-121
b in the presence of partial TiO depletion. In order to do so, we start
by de ning what the equilibrium values represent. Studies of this planet
had often found it to be compatible with solar metallicity, including
GCM simulations of the planet (Parmentier et al.,, 2018). However, as
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mentioned in section 1.4, Evans-Soma et al. (2025) and other retrieval
analyses, nd the planet to have supersolar metallicity and C/O ratio.
For this reason, we compute two grids of models: a rst grid taking
equilibrium values to be solar; and a second in which our equilibrium
chemistry corresponds to 10 solar metallicity and 15 solar C/O.

As described previously, for each grid we retain all species in our
models at their chemical equilibrium abundances, with the exception of
TiO and VO. For these two species, we construct one model in which they
remain at equilibrium (which we note [TiOL) and four additional mod-
els where their abundances are reduced by factors of 5, 10, 50, and 100,
respectively. Each of the two grids, corresponding to a di erent equilib-
rium metallicity and C/O ratio, thus contains ve models with TiO abun-
dances of [TiO}q 20%[TiOlg 10%[TiOkq 2%[TiOleq, and 1%[TiOkg

Two considerations are important. First, when we reduce the TiO
and VO abundances by a given factor, we do not compensate by increas-
ing the abundance of other species in their equilibrium reactions. This
renders the atmosphere slightly out of chemical equilibrium. However,
the e ects of this disequilibrium on mean molecular weight and speci c
heat are negligible, as TiO and VO are present at abundances orders
of magnitude smaller than major species. Second, while dividing the
TiO and VO abundances by a set of factors produces a coherent set of
models, it does not replicate the trapping or time-dependent depletion
e ects proposed in some theoretical scenarios. In our setup, the day-
side and nightside opacities are xed at the start of the simulation, so
dynamic depletion processes cannot be modeled. A more sophisticated
approach, in which TiO/VO abundances are evolved dynamically using
tracer elds, could capture such e ects; we discuss this possibility further
in chapter 5.

2.2.2 Radiative transfer post-processing: gCMCRT

Based on the thermal and circulation maps that are outputted from
our GCM, we calculate a series of observables usig§MCRWhich is an
open-source GPU radiative transfer code that computes albedo, emission,
and transmission spectra for planetary 3D input structures (Lee et al.,
2022). It has been used to post-process hot Jupiter models in a number

1The complete list of species included is the following: gH,, CoH,4, CoHg, CH4, CO, CO,, CaH,
CrH, Cs, Fe, FeH, H,, H,0, H,S, Hz+, HCN, K, Li, LiCl, LiF, LiH, MgH, N », NH3, Na, O,, O3, OCS,
PH3, Rb, SO,, SiO, TiH, TiO, and VO.
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of previous studies (Komacek et al., 2022; Beltz et al., 2022).
gCMCRimcludes its own opacity database, consisting of k-tables gen-
erated with the HELIOS-K opacity calculator (Grimm et al., 2021) and
EXOPLINES opacities (Gharib-Nezhad et al., 2021), covering 0.3{30m
at a resolving power of R = 100, corresponding to 503 frequency bins.
The list of line opacity species and their references is provided in Lee
et al. (2022). In addition, gCMCRIificorporates CIA opacities from the
HITRAN database (Karman et al., 2019), and includes H bound-free
and free-free opacities following John (1988) as well as Hree-free opac-
ities from Kurucz and Bell (1995), the latter also used in the calculation
of Rayleigh scattering opacities.

An aspect worth touching on is our calibration of the planetary ra-
dius. gCMCRIfequires, in producing spectra, to convert heights from
pressure units (as outputted in the GCM), to distance units (in order to
account for planetary emission areas). In practice, doing so requires users
to input a pressure/altitude relation. We establish the planet to have its
nominal radius value at a pressure of 200 bars, and establish the reference
pressure probed at transits to be 1 mbar. As noted in the literature (Par-
mentier et al., 2021), the photospheric pressure varies with atmospheric
properties, meaning that our assumption of a xed pressure{altitude re-
lation does not hold universally. We correct for the errors generated by
this assumption by tting transit spectra with a vertical o set factor,
and then applying the same o set to emission spectra. A more detailed
explanation is provided in chapter 4.
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Chapter 3 { TiO Depletion Models

In this chapter, we present the atmospheric models obtained from
the solar and supersolar chemistry grids. We begin by examining their
Pressure{Temperature pro les in the context of TiO's expected impact.
We then turn to the circulation patterns across the ten models, and
nally introduce the [TIO]/[H ,0] ratio as a diagnostic of temperature
Inversions.

3.1 Pressure-Temperature Proles: Assessing In-
versions

Figure 3.1 shows the dayside and nightside pressure{temperature
(PT) pro les for our 10 simulated models at both solar and super-solar
equilibrium. The dayside pro le is de ned as the geometric mean of the
temperature across all columns between 9 and 90 E at each pressure
level. Analogously, the nightside pro le is computed averaging over the
remaining longitudes.

We turn initially to models at solar equilibrium (Figure 3.1a). Al
models exhibit broadly similar pressure{temperature behavior, except in
the region where TiO-driven inversions are expected (510 2{10 3 bar).
Within this range, the 10%, 20%, and 100% [TiO] models develop inver-
sions, with stronger TiO abundances producing more pronounced tem-
perature rises with altitude. These same models also display cooler layers
beneath the inversion, a manifestation of the so-called anti-greenhouse
e ect. This occurs because TiO absorption heats the layer above the
photosphere (around 10?7 bar) preventing stellar radiation from pene-
trating to photospheric layers (between 2-810 2 bar; Parmentier et al.
(2018)) and thus lowering their temperature.

The transition between non-inverted and inverted pro les occurs when
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(b) Models with respect to supersolar equilibrium

(a) Models with respect to solar equilibrium
(10 [Fe/H] ,1.5 C/O )

Figure 3.1 Average dayside (solid lines) and nightside (dashed lines) Pressure-
Temperature Pro les for our grid of [TiO] models. Shaded regions represent the ge-

ometrically weighted standard deviation. Wider line region representing the range of

pressures at which TiO could be responsible for inversions.

TiO lies between 2% and 10% of the equilibrium abundance. Interest-
ingly, the 1% and 2% pro les, although non-inverted, are nearly isother-
mal in this region, showing an almost-vertical PT pro le between 510 ?
and 10 3 bars. At higher altitudes in the atmosphere, atomic metals start
dominating absorption with respect to TiO (as calculated by Lothringer
et al. (2018) and explained in 1.3) and thus become the main drivers
of inversion. At these pressures, all models converge to similar inverted
structures. As expected, the nightside pro les remain non-inverted due
to TiO condensation.

Regarding the supersolar model (10 solar metallicity and 1.5 solar
C/O ratio, see Figure 3.1b), the rst striking di erence with respect
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to solar equilibrium models is the absence of non-inverted pro les in
the dayside. That is, even the 1% and 2% [Ti@] supersolar pro les
show temperature inversions. The strength of inversions is, once again,
proportional to the abundance of TiO, as can be seen between 2 and 8
mbar, where the slope of the pro le gets steeper as depletion increases.
For the rest of the prole, it is particularly striking the resemblance
between models, all converging to very similar values above and below
the TiO inversion layer.

Figure 3.2 Average dayside Pressure-Temperature Pro les for both the grid of [TiO]
models with respect to solar equilibrium (dashed lines) and for the grid of [TiO] models
with respect to supersolar metallicity and C/O ratio (solid lines).
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In Figure 3.2, we display the direct comparison, at equal TiO deple-
tion levels, between the supersolar and solar equilibrium sets of models.
This comparison, therefore, showcases the e ects of varying metallicity
and C/O simultaneously on the temperature structure of an atmosphere.
To rst order, the e ect of increasing metallicity should elevate all molec-
ular abundances and their associated opacities (in our case, we would ex-
pect a factor 10 increment). Such an increase should vertically shift the
pressure{temperature pro le by the same factor. As shown in Figure 3.2,
the two model sets indeed display a noticeable vertical o set, most ap-
parent around the 1 bar level in the solar-equilibrium runs. However,
the displacement falls short of a full tenfold shift. This is due to the fact
that, as models with supersolar metallicities have consistently stronger
inversions, water abundance drops more rapidly with decreasing pres-
sure (as it gets more dissociated due to higher temperatures). Thus, the
photospheric pressure does not scale linearly with metallicity.

As discussed by Parmentier et al. (2018), the stronger thermal inver-
sions that occur with increased metallicities can be explained by consider-
ing the photospheric TiO/H,O abundance ratio in solar versus supersolar
models. Two e ects drive this change: TiO abundance scales faster than
H,O's with metallicity, and molecular dissociation causes the TiO/HO
ratio to scale with the square root of pressure at a given metallicity (ac-
counting for the change of photospheric pressure between models). We
showcase with this example the utility of the TiO/H,O metric in under-
standing the e ect of chemistry on temperature inversions. In section 3.3,
we will expand on the theory behind using the TiO/HO ratio as a probe
for the strength of a inversion, accounting not only for metallicity and
C/O, as studied in literature before, but also considering the possibility
of partial TiO depletion.

3.2 Atmospheric Structure Diversity

Having established the averaged temperature structure of our simu-
lated atmospheres at di erent heights, we can now turn to analyze the
longitudinal and latitudinal components of those thermal distributions.
We show in Figure 3.3 and Figure 3.4 the resulting atmospheric temper-
ature pro le for WASP-121 b at four di erent pressure levels and for,
respectively, our two sets of TiO grids. In accordance with the PT pro-
les in Figure 3.1, the e ect of TiO is most pronounced on the 100 and 10

35



PABLO DRAKE CHAPTER 3. TIO DEPLETION MODELS

Figure 3.3 Temperature map distribution for WASP-121b after 300 days of sim-
ulation, for our grid of [TiO] models with solar metallicity and C/O. White arrows
represent the wind circulation patterns, and dashed blue lines mark the separation
between the dayside and nightside of the planet.

mbar levels, particularly for the models with solar metallicity and C/O.
Again, as predicted by Lothringer et al. (2018) and explained in Section
1.3, above that pressure, at 1& bars, dayside inversion is predominantly
driven by atomic Fe bringing all models to similar temperatures.

As shown in Figure 3.3, models with larger TiO abundances display a
more symmetric east{west temperature pattern. This symmetry can be
attributed to their generally higher temperatures. The characteristic ra-
diative timescale of a layer with pressure di erence P can be expressed

as:
P ¢

rad F"’T 3
where T is the temperature, g the surface gravityce the speci c heat
capacity and the Stefan-Boltzmann constant. On the other hand, the
advective time-scale (the characteristic times on which winds act on a
parcel of gas) follows the relation:

(3.1)

d Rp
adv
Ujet

(3.2)

36



	Contents
	Introduction
	Exoplanets
	Hot Jupiters and their Atmospheres

	Observing Ultra-Hot Jupiter Atmospheres
	Theory
	Instruments

	TiO and VO in Hot Jupiters
	Atmospheric Effects of TiO and VO
	Observational Evidence for TiO and VO
	TiO Depletion: Mechanisms

	WASP-121 b: An Informative Case Study
	Detection and HST Observations
	High-Resolution Spectroscopy
	JWST Observations

	Outline

	Methodology: GCM Grids
	Dynamics
	Governing Equations

	Radiative Transfer and Chemistry
	TiO/VO grid
	Radiative transfer post-processing: gCMCRT


	TiO Depletion Models
	Pressure-Temperature Profiles: Assessing Inversions
	Atmospheric Structure Diversity
	TiO/H2O Ratio as an Inversion Probe

	Observational Comparison
	Emission Spectra
	Water Feature Strength: a diagnostic tool

	Conclusions
	References
	Appendix A
	Acknowledgements


