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Abstract

Ultra-hot Jupiters (UHJs) are a class of giant strongly irradiated exoplanets with dayside temper-
atures exceeding 2200 K. Due to their elevated temperatures, these objects are prime targets for
atmospheric characterization by observing their thermal emission signal. In this context, high-
resolution spectroscopy is a powerful tool since it offers the opportunity to resolve the individual
spectral lines from exoplanet atmospheres. Studying the spectra of UHJs with this method allows
measuring the composition of their atmospheres and thereby, insights into mechanisms of planet
formation and migration can be provided. In addition, dynamical processes in the atmosphere
are detected through excess Doppler-shifts of the spectral lines and rotational broadening affects
the spectral line width. Hence, high-resolution spectroscopy enables analyzing the atmospheric

circulation and investigating the rotation of exoplanets.

The presented work investigates the physical and chemical conditions in UHJ atmospheres by
studying the emission spectra of the exoplanets WASP-33b and KELT-20b/MASCARA-2b. We
employ a series of methods including principle component analysis, cross-correlation with model
spectra, and a Bayesian retrieval framework for analyzing the high-resolution spectra from the
daysides of these exoplanets. The signals of Ti 1, V 1, Fe 1, the hydroxyl radical (OH), and strong
evidence for Ti n and TiO lines are found in the emission spectrum of WASP-33b. In particular,
the detection of Ti-bearing species is a remarkable result. These species are absent from the atmo-
spheres of most UHJs and the underlying mechanisms of this depletion are not fully understood.
Further, the Si 1 signature is detected in the high-resolution spectra of WASP-33b and KELT-
20b/MASCARA-2b. Detection of silicon in the atmospheres of exoplanets has as of now been
unprecedented. The spectral lines of all detected chemical species are emission shaped, which
unambiguously proves the presence of inverted temperature profiles in the atmospheres of both
investigated exoplanets. A detailed analysis of the WASP-33b emission spectrum is conducted
to constrain the properties of the planetary dayside atmosphere. An offset in the Doppler-shift
between different chemical species is interpreted as the presence of a three-dimensional chemi-
cal structure and super-rotational winds in the planetary atmosphere. We retrieve an increasing
temperature with atmospheric altitude and super-solar elemental abundances. Moreover, we find a
broadened spectral line profile that is likely caused by the fast rotation of the planet. Our analyses
also comprise retrievals of the atmospheric conditions at different alignments between WASP-
33b’s dayside and the Earth-bound observer, which represents an advance in mapping local struc-

tures in exoplanet atmospheres.

ii






Zusammenfassung

UltraheiBe Jupiter (englisch: Ultra-hot Jupiters) sind eine Klasse gasférmiger Exoplaneten, die
so nahe um ihren Stern kreisen, dass ihre Atmosphiren Temperaturen von iiber 2200 K errei-
chen. Die damit einhergehende starke thermische Emission macht diese Planeten zu erstklassigen
Beobachtungsobjekten, um die Eigenschaften ihrer Atmosphiren zu entschliisseln. Die Technik
der hochauflosenden Spektroskopie ermdglicht die Auflosung der einzelnen Spektrallinien von
Exoplanetenatmosphiren. Beobachtungen ultraheiler Jupiter mittels dieser Methode erlauben es,
die Zusammensetzung ihrer Atmosphéren zu bestimmen und liefern somit Einblicke in die Entste-
hungs- und Migrationsmechanismen von Planeten. Dariiber hinaus ermoglicht die hochauflosende
Spektroskopie eine Analyse der atmosphirischen Zirkulation und die Untersuchung der Rotation
von Exoplaneten. Dynamische Prozesse in Exoplanetenatmosphiren zeigen sich durch eine iiber-
schiissige Doppler-Verschiebung der Spektrallinien. Ebenso kann durch die Verbreiterung dersel-

ben die Rotation eines Exoplaneten nachgewiesen werden.

Die vorliegende Arbeit leistet einen Beitrag zur Erforschung der Eigenschaften von Atmosphiren
ultraheifler Jupiter. Zu diesem Zweck untersuchen wir die Emissionsspektren der Exoplaneten
WASP-33b und KELT-20b/MASCARA-2b. Fiir die Analyse der hochauflésenden Spektren ver-
wenden wir eine Reihe verschiedener Methoden wie Hauptkomponentenanalyse, Kreuzkorrelation
mit Modellspektren und Regressionsanalyse. Im Spektrum von WASP-33b finden sich Emis-
sionslinien von Ti 1, V 1, Fe 1 und dem Hydroxylradikal (OH) sowie deutliche Hinweise fiir
Emissionslinien von Ti 1 und TiO. Die Entdeckung von Ti 1, Ti 1 und TiO ist bemerkens-
wert, da diese Stoffe in den Atmosphéren anderer ultraheil3er Jupiter zumeist nicht nachweis-
bar und die zugrundeliegenden Mechanismen fiir deren Abwesenheit nicht vollstindig geklart
sind. Des Weiteren finden wir Emissionslinien von Si 1 in den Spektren von WASP-33b und
KELT-20b/MASCARA-2b. Es handelt sich dabei um den erstmaligen Nachweis von Silizium
in den Atmosphéren von Exoplaneten. In den Atmosphiren beider untersuchten Planeten belegt
die Anwesenheit von Emissionslinien das Vorhandensein einer thermischen Inversion. Wir fiihren
eine detaillierte Analyse des Spektrums von WASP-33b durch. Die voneinander abweichenden
Doppler-Verschiebungen der Spektrallinien unterschiedlicher Stofte liefern Hinweise fiir eine drei-
dimensionale chemische Struktur und Superrotation in der Planetenatmosphire. Zudem kénnen
wir eine Zunahme der Temperatur als Funktion der Hohe in der Atmosphére und super-solare
Elementhdufigkeiten nachweisen. Wir finden ein verbreitertes Spektrallinienprofil, das vermutlich
durch die schnelle Rotation des Planeten verursacht wird. Unsere Forschung umfasst au3erdem die
Untersuchung der Atmosphire von WASP-33b aus verschiedenen Sichtwinkeln. Dies stellt einen

ersten Schritt zur Kartierung lokaler Strukturen der Atmosphiren von Exoplaneten dar.
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1. Introduction

The existence of planets around stars other than our Sun was hypothesized for centuries. However,
it was not until 1992 that extrasolar planets (exoplanets) were discovered for the first time around
the neutron star PSR 1257+12 (Wolszczan & Frail 1992). Three years later, Mayor & Queloz
(1995) identified the close-in gas giant exoplanet 51 Pegasi b as the first planet around a main
sequence star. The detection of other giant exoplanets soon followed this discovery (e.g., Butler &
Marcy 1996; Butler et al. 1997). From then on, a new field of research in planetary astrophysics
arose. In the early 2000s, the planet HD 209458b was identified as the first planet transiting in
front of its host star with respect to the Earth-bound observer (Charbonneau et al. 2000; Henry
et al. 2000), and the discovery of excess absorption of stellar light by the atmosphere of the said

planet opened the era of exoplanet atmosphere characterization (Charbonneau et al. 2002).

Nearly three decades after the emergence of exoplanet science as an independent field of research,
more than 5000 exoplanets have been discovered and confirmed'. As a result, in-depth character-
ization of individual planets and comparative studies of exoplanet populations have now become
common practice (e.g., Sing et al. 2016; Hoeijmakers et al. 2019). A remarkable outcome of
studying exoplanets is their vast diversity. Most of these objects are characterized by significantly
different physical parameters compared to the planets of our own Solar System (Madhusudhan
2019). For example, a large variety of distances between exoplanets and their host stars have been
observed, with both extremely close (~ 0.05 au) and widely separated orbits (> 10 au). The thermal
conditions in exoplanet atmospheres can vary considerably as a function of the distance from the
host star, enabling the existence of a variety of chemical regimes at different planetary equilibrium

temperatures (Teq).

This thesis focuses on observing and characterizing the atmospheres of two strongly irradiated
gas giant exoplanets. Gas giants with elevated temperatures are the most accessible objects for
atmospheric studies, given their large radii and intense thermal fluxes. Investigation of their spectra
allows us to constrain the physical and chemical conditions in the atmospheres of these targets.
Such analyses provide us with information about the properties and history of planetary systems.
In this chapter, we introduce gas giants with very high temperatures as an own class of exoplanets,
define the orbital and radial velocity parameters relevant for observing their atmospheres, and

explain the techniques that allow us to analyze their spectral signatures.

! NASA Exoplanet Archive; https://exoplanetarchive.ipac.caltech.edu/


https://exoplanetarchive.ipac.caltech.edu/

1. Introduction
1.1. Ultra-hot exoplanet atmospheres

Exoplanets with masses and radii similar to Jupiter, but with much smaller orbital distances from
their stellar hosts, are the planetary objects best studied outside our Solar System. The orbital
separations of these exoplanets from their host stars are typically on the order of a few percent
of the Earth-Sun distance, thereby leading to short orbital periods ranging from a few hours to
days. Consequently, these planets are exposed to extreme irradiation levels and have elevated
temperatures in their atmospheres. Because of the small separation from their host stars, tidal
circularization during the early evolution stage of these planetary systems caused very low or zero
eccentricities of their orbits (e.g., Hut 1981). In addition, tidal forces caused a synchronization
of the planetary rotation to the orbital period, resulting in permanent day- and nightsides. This
so-called tidal locking leads to a strong temperature contrast between the day- and nightsides and
hence, leads to significant differences in the atmospheric chemistry of the two planetary hemi-
spheres (Komacek & Showman 2016).

Strongly irradiated gas giant exoplanets with dayside temperatures above 2200 K are referred to as
ultra-hot Jupiters (UHJ; Parmentier et al. 2018). Given that the temperatures in the dayside atmo-
spheres of these planets are close to the thermal regime of late-type stars, most of the molecular
species are expected to thermally dissociate. Consequently, atomic and ionic species are predicted
to dominate the composition of UHJ dayside atmospheres (Arcangeli et al. 2018), while signifi-
cant concentrations of molecular species are likely restricted to the planetary nightsides and the
regions near the day-night boundary, the so-called terminator (e.g., Helling et al. 2019). This pre-
diction was confirmed by observations. Spectroscopic studies have found that atoms and ions are
commonly present in the dayside atmospheres of UHJs (e.g., Ca, V, Cr, Fe, Ni; Yan et al. 2020;
Kasper et al. 2021; Borsa et al. 2022; Hoeijmakers et al. 2022). On the other hand, only a limited
number of molecular species were detected in the spectra emerging from the daysides of this class
of exoplanets (e.g., TiO, CO; Nugroho et al. 2017; Yan et al. 2022a). These molecules are mostly
characterized by strong chemical bonds that allow them to withstand extreme temperatures and el-
evated irradiation levels. Current research suggests that the presence of different chemical regimes
between the day- and nightsides play an important role in the global heat redistribution of UHJs
(Bell & Cowan 2018). This process comprises the thermal dissociation of molecular species on
the dayside, and recombination back to molecules under the release of heat on the cooler planetary

nightside.

Among the chemical species expected in the atmospheres of UHJs, metal atoms, their ions, oxides,
and hydrates are particularly important for the atmospheric thermal structure. These species cause
significant absorption of incoming stellar radiation, whereby an efficient heating mechanism in
the upper planetary atmosphere is induced (Hubeny et al. 2003; Fortney et al. 2008; Arcangeli
et al. 2018; Lothringer et al. 2018). The heating results in an increase of temperature toward
higher altitude, a phenomenon that is generally referred to as thermal inversion or stratosphere,
which can be identified by detecting emission lines in the spectra of UHJs (e.g., Nugroho et al.

2020a; Yan et al. 2020; Kasper et al. 2021). In addition, strong irradiation and atmospheric heating
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can lead to atmospheres expanding beyond the Roche lobe, thereby causing UHIJs to suffer from

significant atmospheric escape (e.g., Yan & Henning 2018; Wyttenbach et al. 2020).

Finally, theoretical and observational work suggest the presence of significant atmospheric circu-
lation with wind velocities in the order of a few kms™! (e.g., Brogi et al. 2016; Komacek et al.
2017; Tan & Komacek 2019; Alonso-Floriano et al. 2019; Yan et al. 2022a). These winds are
considered to be an important factor in shaping the global temperature distribution of UHJs. For
example, super-rotational jets are suggested to be capable of shifting the hottest region in UHJ at-
mospheres from the substellar point toward the day-night terminator (e.g., Komacek et al. 2017).
Such shifts are expected to affect the global distribution of various chemical species as the atmo-

spheric chemistry is sensitive to the temperature (Kreidberg et al. 2018; Parmentier et al. 2018).

1.2. Orbital parameters and radial velocities

The position of an exoplanet relative to its host star seen by the observer varies due to the planetary
orbital motion. Exoplanets at small distances from their host stars have orbital periods on the
order of a few hours to days. Therefore, they can cover a large fraction of their orbit during a
single observation. The position along the planetary orbit is described by the orbital phase (¢).
Figure 1.1 shows a transiting and a non-transiting exoplanet system and provides an overview
of the nomenclature of the orbital phase. During the so-called primary eclipse, the transiting
exoplanet passes in front of the host star, and light shines through an atmospheric ring around
the opaque planetary disk. During the secondary eclipse, the transiting exoplanet is occulted by
its host star. For a non-transiting exoplanet system, the planetary day- and nightsides are aligned
with the observer’s line of sight at inferior and superior conjunction, respectively. Quadrature
corresponds to the orbital phases where the planet has a geocentric angular separation of 90° from
its host star. The orbital phase is defined as zero at transit or inferior conjunction, 0.5 during

occultation by the host star or superior conjunction, as well as 0.25 and 0.75 at quadrature.

The orbital plane of an exoplanet around its host star can have different orientations with respect
to the observer’s line of sight. This orientation is described by the orbital inclination (i;,), which is
defined as 0° and 90° if the planetary system is observed in face-on and edge-on geometry, respec-
tively. Therefore, transiting exoplanets have an orbital inclination close to 90°. Figure 1.2 shows
examples of exoplanet systems with different orbital inclinations. The maximum observable plan-
etary radial velocity (RV) at a given orbital inclination is called orbital velocity semi-amplitude

and is calculated in the assumption of a circular orbit as
K, = vorp sin iy, (1.1)

with v, being the velocity of the planet along its trajectory. The RV of the exoplanet orbiting its
host star is calculated at each orbital phase as K, sin 27¢.
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Figure 1.1.: Nomenclature for orbital phases of transiting and non-transiting exoplanet systems. The fop panel illus-
trates a transiting exoplanet system. During the primary eclipse (¢ = 0), the planet transits in front of the host star;
light shines through an atmospheric ring around the opaque planetary disk. During the secondary eclipse (¢ = 0.5), the
planet is hidden behind its host star. The bottom panel shows a non-transiting exoplanet system. At inferior (¢ = 0) and
superior (¢ = 0.5) conjunction the planetary day- and nightsides are aligned with the observer’s line of sight, respec-
tively. Quadrature corresponds to the orbital phases where the planet has a geocentric angular separation of 90° from
its host star (¢ = 0.25 and ¢ = 0.75). The planetary nightside is shown in black, the dayside in red and blue colors. We

indicate the planetary orbital motion with gray arrows.
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Figure 1.2.: Examples of orbital inclination. An exoplanet transits in front of its host star if the orbit is seen in edge-on
geometry (i, ~ 90°). No transits can be observed at orbital inclinations far from 90°. Observing an exoplanet system
from the top is referred to as face-on geometry (i, = 0°).

The spectral signature of an exoplanet is affected by a Doppler-shift resulting from the relative
motion between the observer’s rest frame and the planet. This Doppler-shift is described by the

equation
Al vp
1 ¢
with A4 being the Doppler-shift at a wavelength of 4, ¢ the speed of light, and v, the RV between

(1.2)

the planet and the observer. Figure 1.3 shows that v, is the result of three RV contributions: the
velocity of the planetary system relative to the Solar System vy, the Earth’s barycentric correction
Upary» and the projected velocity of the exoplanet orbiting its host star K, sin 27r¢. Consequently,

we can describe an exoplanet’s RV as
Up = Usys + Upary + Kpp sin 271 + Av, (1.3)

when assuming a circular orbit. The term Av accounts for possible RV shifts caused by additional
physical effects. For example, detecting Av values that deviate from zero can indicate dynamical
processes in exoplanet atmospheres or the presence of an eccentric orbit. Exoplanet characteriza-
tion is usually performed on targets whose orbital and systemic velocities are well known from
prior measurements. Thus, Eq. (1.3) allows us to estimate the Doppler-shift at which we can

expect the planetary spectral signature.

1.3. Spectroscopy of exoplanets

In this thesis, we employ spectroscopy to investigate the atmospheres of exoplanets. In the fol-
lowing section, we give the definition of spectral resolution, compare low- versus high-spectral-
resolution techniques, and give details on the theoretical background of the two spectroscopy

methods most commonly used to study exoplanet atmospheres.
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Figure 1.3.: Radial velocities relevant for exoplanet observations. The observed RV of an exoplanet corresponds to the
sum of the systemic velocity (vys), the barycentric velocity correction (vyary), and the projected orbital velocity of the
exoplanet (K, sin 27r¢). The barycentric velocity correction accounts for the Earth’s rotation and orbital motion around
the Sun. We indicate the orbital motions of the exoplanet and the Earth with gray arrows.

1.3.1. Low versus high spectral resolution

Spectroscopy of exoplanets is carried out by space- and ground-based observatories, which can
significantly vary in their resolving power. The spectral resolution of an instrument is defined
as

R=—, 1.4
Al (1.4)

with AA being the smallest wavelength difference that can be distinguished at a wavelength A.
Low-spectral-resolution observations are typically carried out at a resolving power of R <4000
(Birkby 2018), but can also reach considerably lower values on the order of 100 or below. On the
other hand, high-resolution instruments operate at spectral resolutions of R > 15000 (van Sluijs
et al. 2022) and can achieve values of 100 000 and beyond.

Space-based observations offer the advantage of not being affected by absorption lines and the
thermal background of the Earth’s atmosphere. Therefore, observing from space provides mea-
surements of the absolute flux received from exoplanets. However, most space-based facilities
deliver only low-spectral-resolution observations, which prevents resolving the individual lines of
exoplanet spectra. For this reason, space-based low-resolution observations only allow us detect-
ing bands of blended spectral lines, whereas bands of different chemical species in the same wave-
length range are often hard to distinguish. In contrast, ground-based observations at high spectral
resolution allow us to resolve the individual lines of exoplanet spectra and enable the unambigu-

ous identification of individual chemical species. As a downside, ground-based high-resolution
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spectra are affected by the absorption signature of the Earth’s atmosphere. The presence of these
so-called telluric lines limits spectral observations to restricted wavelength ranges with low con-
tamination from the Earth’s atmosphere. A further disadvantage of high-resolution spectroscopy
is the lack of information from the spectral continuum level, which is lost during the correction
for telluric lines when reducing the raw spectra. Therefore, this method only allows us to measure
relative differences with respect to the local continuum. A detailed overview of the capabilities of

high-resolution spectroscopy is given in Sect. 1.4.

In summary, space-based low-spectral-resolution observations are capable of measuring absolute
flux levels, while ground-based high spectral resolution enables the identification of individual
spectral lines. Therefore, the two methods provide complementary information, and combined
analyses of low- and high-resolution spectra may offer the possibility of comprehensive studies of
exoplanets (Brogi et al. 2017; Gandhi et al. 2019).

1.3.2. Transmission spectroscopy

If an exoplanet system is seen in edge-on geometry, the planetary orbit passes in front of the host
star, leading to a primary eclipse or transit. During the primary eclipse, the planet blocks part of
the stellar light, causing a dip at orbital phase zero in the measured light curve as shown in Fig. 1.4.
The probability of an eclipse between a planet and its stellar host strongly depends on the orbital
separation, wherein planets at low distances from their parent star are most likely to transit (Brown
2001). Therefore, the majority of transits can be attributed to exoplanets on close-in orbits. During
a transit, stellar light passes through a thin atmospheric ring at the edge of the opaque planetary
disk. This light carries the imprint of the conditions in the exoplanet atmosphere. Analyzing this
light signature is referred to as transmission spectroscopy, allowing us to probe the atmosphere at
the border between the planetary day- and nightsides.

During transit, the planet covers part of the stellar disk, which leads to a decrease in flux we can
measure from the host star. The fraction of stellar light blocked by the exoplanet is called transit
depth and calculated as (R;/R.)*>. We denote with R, the radius of the planetary disk as seen by the
transit observation, which is the so-called transit radius, and R, is the radius of the host star. The
fraction of stellar radiation passing through the thin atmospheric annulus around the planetary disk
is attenuated by absorption and scattering with gas particles. The strength of these interactions,
and hence, the attenuation of the stellar light, vary as a function of wavelength. Consequently, the
transit radius Ry is also wavelength dependent. This provides us with the transmission spectrum

Tr(2) of exoplanet atmospheres:

2
RM)) . (1.5)

Tr(/l):l—( X

Transmission spectroscopy is a powerful tool for investigating the upper atmospheres of exoplanets
(Flowers et al. 2019). Characterizing the spectral absorption lines or bands of individual species

can provide information on the atmospheric chemistry at the location of the terminator. Moreover,
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Figure 1.4.: Light curves of transiting (red) and non-transiting (blue) exoplanet systems as a function of the orbital
phase. For a transiting system, the flux diminishes as the planet passes in front of the host star (primary eclipse); the
flux also drops when the planet is occulted by its stellar host (secondary eclipse). The continuum modulation of the two
light curves corresponds to the phase dependent contribution of the thermal emission signal from the planetary dayside.
We added different offsets to the light curves for better visualization.

this method allows constraining the thermal conditions at the boundary between the planetary day-
and nightsides. Excess Doppler-shifts of the detected transmission spectra can prove the presence
of winds in the observed atmosphere. In addition, the presence of an optically thick cloud deck can
obscure the transmission features of the underlying atmospheric layers. Therefore, the presence
of clouds in exoplanet atmospheres can be inferred via the nondetection of significant spectral
absorption lines (Fortney 2005). Also, atmospheric aerosols can be identified via the detection of
slopes in exoplanet transmission spectra (Gao et al. 2021). In general, the characterization of the
terminator as the transition zone between the permanent day- and nightsides of tidally locked gas
giant planets is of particular interest because processes such as atmospheric rain-out or complex

molecular chemistry are likely to occur in this region (e.g., Helling et al. 2019).

1.3.3. Thermal emission spectroscopy

The emission signal of an exoplanet can be observed at any point along its orbit except during
the secondary eclipse, i.e. the situation when the exoplanet passes behind its host star. Hence,
the thermal emission signal of a transiting exoplanet is depleted from the overall light flux during
the secondary eclipse, which leads to a reduction in the light flux at orbital phase 0.5 as shown
in Fig. 1.4. The contribution of the thermal emission to the overall signal of both transiting and
non-transiting exoplanet systems can be recognized as the flux modulation of the illustrated light
curves. For a transiting exoplanet, the planetary thermal emission signal can be isolated from the
signal of the host star by comparing the out-of-eclipse flux with that during the secondary eclipse.
Thus, the emission spectrum from an exoplanet is calculated as the ratio between the planetary

flux and that of its host star as a function of wavelength (F,/F,)(1). The emission spectrum of
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Figure 1.5.: Atmospheric thermal structures and resulting emission spectra. Spectral lines are absent in the emission
spectrum of an isothermal atmosphere (left panels). Line features are present in the emission spectra resulting from
atmospheres with an inverted (middle panels) or a non-inverted (right panels) temperature profile. The blue (low
temperature) and red (elevated temperature) colors indicate the thermal conditions and the regions from where the
features emerge in the planetary atmosphere.

a transiting exoplanet is usually measured at orbital phases close to the secondary eclipse when
most of the planetary dayside is facing the observer and the contribution to the overall signal is
largest. Alternatively, the emission spectrum of an exoplanet can be measured as the combination
of the stellar and planetary spectral signature over an orbital phase interval without the need for
observing the secondary eclipse. This approach is referred to as phase curve measurement and
enables investigating the large sample of non-transiting exoplanets. Particularly, high-spectral-
resolution phase curves offer the advantage that the stellar spectral contribution can be removed
without the need for information on a secondary eclipse and therefore, are a powerful tool for
studying the emission spectra of both transiting and non-transiting exoplanets. Details on the
removal of the high-spectral-resolution stellar signature are given in Sect. 1.4. In general, emission
spectroscopy is particularly well suited for characterizing exoplanets with elevated temperatures

and large radii given their strong thermal fluxes.

The thermal structure of an exoplanet atmosphere strongly affects its thermal emission spectrum
(Gandhi & Madhusudhan 2019). Figure 1.5 gives an overview of different atmospheric tempera-
ture profiles and the resulting emission spectra. When assuming an isothermal atmosphere, each
atmospheric layer emits a blackbody spectrum with a constant temperature. Consequently, the
resulting emission spectrum of the exoplanet atmosphere corresponds to that of a blackbody with-
out spectral features as illustrated in the left panels in Fig. 1.5. On the other hand, line features

are present in the emission spectrum under the assumption of a vertical temperature gradient in
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an exoplanet atmosphere. These spectral features are a consequence of the wavelength depen-
dency of the atmospheric opacity, which originates in the cross-sections of the different chemical
species that can vary by orders of magnitude over a studied spectral range. The middle panels of
Fig. 1.5 show the case of a so-called inverted temperature profile in which temperature increases
with altitude. At wavelengths for which the atmospheric opacity is low, such an inverted temper-
ature profile presents itself as a flux that originates mostly from lower layers in the atmosphere.
At wavelengths for which the atmosphere is opaque, the flux emerges mostly from higher layers
in the inverted atmosphere. Since the flux emitted at high atmospheric altitudes has a higher in-
tensity than the flux emitted deep in the atmosphere due to the increased temperature, emission
features are formed at the wavelengths where the atmospheric opacity is high. On the other hand,
the right panels of Fig. 1.5 illustrate the situation for a non-inverted temperature profile in which
temperature decreases with atmospheric altitude. For such a non-inverted temperature profile, the
corresponding emission spectrum is affected by absorption features. At wavelengths for which
the atmospheric opacity is low, such a non-inverted temperature profile presents itself as a flux
that mostly originates from lower layers in the atmosphere where the temperature is high. At
wavelengths for which the atmosphere is opaque, the cooler upper atmospheric layers block the
spectral flux arising from the underlying atmospheric layers. This leads to a decrease in flux and
hence, absorption features are formed at the wavelengths for which the atmosphere’s opacity is

elevated.

In summary, the spectral emission signature of an exoplanet is particularly sensitive to the ther-
mal conditions in its atmosphere. Therefore, emission spectroscopy is suitable for studying the
atmospheric thermal structure of planetary dayside atmospheres. In analogy to transmission spec-
troscopy, this method can also be used to study numerous additional atmospheric properties. For
example, analyzing exoplanet emission spectra allows us to constrain the chemical conditions on
the planetary dayside. Further, this method enables the investigation of global circulation and

planetary rotation via the detection of excess Doppler-shifts of the spectral emission lines.

1.4. High-resolution Doppler spectroscopy

In recent years, high-resolution spectroscopy has become an increasingly successful observation
method to investigate exoplanet atmospheres. Observations with this technique are typically car-
ried out at spectral resolutions of R> 15000 (van Sluijs et al. 2022), enabling us to resolve the
spectral signature of planetary atmospheres into a forest of individual lines. Exoplanets at low
separations from their host star have elevated orbital velocities, which cause their spectral lines to
undergo a significant, time-varying Doppler-shift. Taking a series of spectra with relatively short
exposure times allows us to capture the rapidly changing Doppler-shift. The analysis of this so-
called spectral time series enables us to separate the planetary signal from the almost stationary

spectral contribution from the star and the Earth’s atmosphere (e.g., Snellen et al. 2010; Birkby
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et al. 2013; Alonso-Floriano et al. 2019; Sanchez-Lépez et al. 2019). Moreover, an important ad-
vantage of high-resolution spectroscopy is the possibility of boosting the planetary signal by com-
bining the information of numerous spectral lines (Snellen et al. 2015; Birkby 2018). This combi-
nation is typically achieved by computing the cross-correlation between high-spectral-resolution
observations and a planetary model spectrum. The overall process of isolating planetary spectral
lines by their Doppler-shift and extracting the spectral signature by cross-correlation is referred to

as high-resolution Doppler spectroscopy.

The research presented in this thesis is based on high-resolution spectroscopy observations of
exoplanet atmospheres. In this section, we give an overview of the high-resolution spectroscopy
instrumentation used in our work and focus on the main data reduction steps applied to the obser-

vational data. Further, we provide details of the cross-correlation technique.

1.4.1. High-resolution spectrographs

This thesis is based on the observations obtained at three high-resolution echelle spectrographs,
CARMENES, HARPS-N, and ESPaDOnS.

CARMENES (Calar Alto high-Resolution search for M dwarfs with Exoearths with Near-infrared
and optical Echelle Spectrographs; Quirrenbach et al. 2016) is mounted at the 3.5 m telescope at
the Calar Alto Observatory. The main science objective of the instrument is the detection of low
mass planets around a sample of ~300 main sequence stars. Consisting of two fiber-fed high-
resolution spectrographs, the instrument covers the wavelength range 520-960 nm in the visible
(VIS) and 960-1710 nm in the near-infrared (NIR) domain. CARMENES operates with a spectral
resolution of R ~94 600 in the VIS channel and R ~ 80400 in the NIR channel and consists of 61

and 28 spectral orders, respectively.

HARPS-N (High Accuracy Radial velocity Planet Searcher for the Northern hemisphere; Mayor
et al. 2003; Cosentino et al. 2012) is a high-resolution spectrograph operated at the 3.6 m Telescopio
Nazionale Galileo at the Roque de los Muchachos Observatory. The instrument’s main objective
is to characterize and search for terrestrial planets around bright stars. The instrument is fiber fed
and covers the wavelength domain 383-690 nm, split into 69 spectral orders. HARPS-N has a
spectral resolution of R ~ 115 000.

ESPaDOnS (Echelle SpectroPolarimetric Device for the Observation of Stars; Donati 2003) is a
high-resolution spectrograph at the Canada-France-Hawai’i telescope (CFHT) at the Mauna Kea
Observatory. The flux is fed into the spectrograph via optical fibers. Its wavelength domain is
370-1050 nm across 40 spectral orders with a maximum resolving power of R ~81000. The
spectra used in this work were obtained with an instrument setting corresponding to a resolution
of R ~ 68 000.

11
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1.4.2. Extraction and pre-processing of the spectra

Echelle spectrographs use an echelle grating to diffract the light into separate spectral orders. This
so-called cross-dispersion yields a two-dimensional spectrum, which is sampled by a CCD detec-
tor array. Figures 1.6a and 1.6b show a raw frame from a high-resolution echelle spectrograph.
Each horizontal stripe pattern corresponds to an individual spectral echelle order. The wavelength
of the spectrum increases from the left to the right and from the bottom to the top of the figures.
Each spectral order is imaged twice, with a small wavelength offset between the two spectra. This
technique is referred to as image slicing and aims to increase the resolution power of the spectro-
graph (Tala et al. 2017).

As a first data analysis step, the raw frames are transformed into a one-dimensional format. The ex-
traction of the one-dimensional spectra from the raw data is performed by running the instrument-
specific reduction pipelines. For the CARMENES spectra, this task is carried out by the soft-
ware caracal v2.20 (Zechmeister et al. 2014; Caballero et al. 2016), yielding a one-dimensional
spectrum for each echelle order. The same procedure is performed for HARPS-N by the Data
Reduction Software (Cosentino et al. 2014) pipeline. This reduction software offers the possi-
bility of providing the spectra for each echelle order individually or in an order-merged format. For
ESPaDOnS, the extracted spectra are provided in an order-by-order format via the Libre-ESpRIT
based Upena pipeline (Donati et al. 1997). Figure 1.6c shows an example spectrum extracted from

the two-dimensional raw data.

After extraction, the one-dimensional spectra of a time series are sorted chronologically and
stacked in a two-dimensional array for each echelle order, forming the so-called spectral matrix.
Using the spectra in the order-merged format yields a single spectral matrix. In the next step, bad
pixels flagged with NaN (not a number) values and outliers caused by cosmic rays are corrected.
The details of the correction procedure vary slightly between the studies reported in the follow-
ing chapters of this thesis. In Chapter 2, we fit a third-order polynomial to the time evolution of
each pixel and thereafter, replace the outliers and the NaN-flagged pixels with the values of the
polynomial function. On the other hand, in Chapters 3 and 4, we correct these pixel values by
interpolating with the nearest neighbors. We refer the reader to the respective chapters for a more

detailed description of the bad pixel correction.

In the following, each spectrum of the spectral matrix is normalized to the continuum level. This
step is required to remove the contribution of the spectrograph’s blaze function and the tempo-
ral variability of the spectral baseline caused by changing atmospheric conditions during the ob-
servation (e.g., Alonso-Floriano et al. 2019; Sanchez-Lépez et al. 2019; Stangret et al. 2020).
Figure 1.7 gives an overview of the normalization procedure. We apply a polynomial fit to the in-
dividual spectra. Subsequently, we divide the spectra with the fit function. We use a second-order
and a seventh-order polynomial for the order-by-order and the order-merged spectra, respectively.
Instead of including all data points in the fitting procedure, we divide the wavelength range into

bins and take the 90th percentile value of each interval as the data points to be fitted. In this way,
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Figure 1.6.: Raw frame from a high-resolution echelle spectrograph. The illustrated spectrum is part of a WASP-33b
observation taken with CARMENES VIS on 15 November 2017. Panel a shows the two-dimensional raw frame. The
raw frame is subdivided into four segments, which causes the presence of a horizontal and a vertical gap. Panel b shows
a zoom in on specific echelle orders indicated by the dark blue rectangle in panel a. The wavelength increases from
the left to the right and from the bottom to the top of the image. Each echelle order is imaged twice to increase the
resolving power of the spectrograph. Outliers due to cosmic rays and hot pixels can be recognized as artifacts in the
detector array. In panel ¢, we show the one-dimensional spectrum resulting from the echelle order indicated with the
dark blue arrows in panel b.
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Figure 1.7.: Normalization of one-dimensional spectra to the continuum level. We present a selected range of spectral
orders from the CARMENES VIS channel (echelle orders 98—-68). Panel a shows the order-by-order spectra extracted
from the raw images. Panel b shows a zoom in on a specific spectral order, which is illustrated in dark blue; the quadratic
fit function used for normalization is shown in red. Panel c illustrates the order-by-order spectra after normalization; a
zoom in on the normalized version of the selected spectrum, shown in dark blue color, is reported in panel d.

telluric and stellar lines can be prevented from impacting our fitting routine. An example of a

normalized spectral matrix is reported in Fig. 1.8.

As a final pre-processing step, we mask the spectral regions that are affected by strong telluric
absorption. This is done by masking wavelength intervals with a flux smaller than 20% of the
continuum level. In particular, three spectral orders located in the CARMENES NIR channel are
entirely discarded due to the almost total absence of detectable flux. These orders coincide with
the telluric water absorption band at 1.4 um, where the flux throughput of the Earth’s atmosphere
is drastically reduced. Not including wavelengths with a reduced flux is a reasonable choice since
these intervals carry negligible information about the investigated exoplanet atmosphere but can
introduce considerable noise into the analysis. In addition, strong sky emission lines are masked,

which are mostly present at NIR wavelengths.

1.4.3. Correcting for systematic effects

To analyze the faint signal of an exoplanet atmosphere, we must first remove the contribution of
systematic effects from the spectra. Telluric and stellar lines are the main systematic effects, but

other sources of systematics such as instrumental effects can also bias the spectral data. Accurate

14



1.4. High-resolution Doppler spectroscopy

modeling of the systematics allows us to efficiently remove their contribution and therefore, is key

to extract the signal of exoplanet atmospheres from high-resolution spectroscopy data.

The systematic contribution of the telluric lines to the spectral matrix can be recognized as vertical
absorption patterns as demonstrated in Figs. 1.8a and 1.8b. These features are approximately sta-
tionary in wavelength space over the duration of the entire spectral time series. Analogously, most
of the unknown systematics are supposed to undergo such a quasi-static behavior. In contrast, the
planetary spectral lines are affected by a significant Doppler-shift that changes with time, allow-
ing us to distinguish them from systematic spectral features. This property enables us to identify,
model, and remove the systematic spectral contribution while leaving the planetary signal unal-
tered. Removing the modeled systematics from the data results in the so-called residual spectral
matrix shown in Fig. 1.8c. This matrix exclusively contains the faint planetary signal that is dom-
inated by noise. In Fig. 1.8d the same spectral matrix is shown, but with an enhanced planetary
model spectrum injected into the data to render visible for the reader the Doppler-shifted spectral

lines from the exoplanet atmosphere.

Different methods have been developed to model the systematic contribution from the telluric and
stellar lines. An approach mostly applied in the early days of exoplanet atmosphere research with
high-resolution Doppler spectroscopy is the use of polynomial regressions. This approach consists
of fitting the flux evolution of each wavelength bin with a polynomial function for modeling the tel-
luric lines (e.g., Snellen et al. 2010; Brogi et al. 2012, 2013; Schwarz et al. 2015). Alternatively, the
Earth’s atmosphere contamination can be removed by using synthetic telluric transmission spec-
tra generated by software such as the European Southern Observatory’s MOLECFIT tool (Smette
et al. 2015). The correction for the spectral contribution of the host star can be carried out by
using stellar model spectra. Although some of these methods have the advantage of preserving
the continuum level of exoplanet spectra, it has proven difficult to account for unknown systemat-
ics. For this reason, methods based on principal component analysis (PCA) have recently gained

acceptance.

Using PCA-based methods offers the opportunity to overcome the difficulty of unknown systemat-
ics. Following a blind approach, PCA searches for systematic features common to all wavelength
bins without prior knowledge and regardless of their source. Consequently, unknown systematic
features that are otherwise impossible or very difficult to identify and model are efficiently detected
in addition to the telluric and stellar lines (e.g., Line et al. 2021; Giacobbe et al. 2021; Kasper et al.
2021; van Sluijs et al. 2022). In this thesis, we use SYSREM (Tamuz et al. 2005), a PCA algorithm
that provides the possibility to weight the input data with the respective uncertainties. The algo-
rithm was originally developed to detect and correct for systematic effects in light curve studies,
but has proven to be particularly powerful when applied in exoplanet research (e.g., Birkby et al.
2013; Nugroho et al. 2017; Gibson et al. 2020; Herman et al. 2020; Yan et al. 2021). Each wave-
length bin of the spectral matrix is considered as an independent light curve when the algorithm

is applied to search for the signature of exoplanet atmospheres. SYSREM models the systematic
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Figure 1.8.: Steps of data analysis including the use of SYSREM. The example data cover an entire planetary orbit.
Panel a shows the spectral matrix after extraction from the raw data. Panel b illustrates the spectral matrix after
normalization to the continuum level. The strongest telluric features are masked in this step. Panel c is the residual
spectral matrix after applying SYSREM over several iterations. The systematic effects are removed, leaving behind the
faint planetary signal that is buried in the noise. In panel d, we show the same residual spectral matrix, but with
an enhanced synthetic model spectrum of an exoplanet atmosphere injected into the data. The Doppler-shift and the
intensity of the planetary lines change as a function of time. The primary and the secondary eclipses are indicated by
red and blue dash-dotted lines, respectively. During the primary eclipse, the planetary lines are in absorption shape,
while outside primary eclipse the planetary emission lines can be recognized. The planetary spectral signature is absent
during the secondary eclipse, when the planet is occulted by its host star.
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features of the light curves by iteratively fitting their trends as a function of time. In the following,

the modeled systematics are removed from the data.

The input data needed by SYSREM are the spectral matrix and the respective uncertainties. For
most high-resolution spectrographs, these uncertainties are extracted from the instrument pipeline
along with the spectra from the raw data. However, for specific instruments, the uncertainties are
not provided by the instrument pipeline. For instance, this is the case for the spectra extracted
from the HARPS-N data. A simple way to overcome the problem of missing uncertainties is to
assign uniform errors to all data points of the spectral matrix. However, better performance of the
SYSREMN algorithm can be achieved by estimating the noise of the spectral matrix (Yan et al. 2020).
In Chapter 4, we provide details about our method for quantifying the uncertainty of each data
point of the HARPS-N spectral matrix.

To model the telluric and stellar lines, SYSREM is applied over multiple iterations. We use a max-
imum of ten consecutive iterations in this thesis depending on the number and intensity of the
systematic features to correct for. After each iteration, the modeled systematic contribution is
subtracted from the data. Most studies in the literature use this subtraction-based approach for
applying SYSREM. However, subtraction of the modeled systematic effects comes with the disad-
vantage of not preserving the relative strength of the planetary spectral signature falling onto stellar
and telluric lines. So-called retrieval frameworks used for fitting parametrized model spectra of
planetary atmospheres to the residual spectra are sensitive to the strength of the exoplanet spectral
lines. Thus, subtracting the modeled systematics from the data is not an appropriate procedure
when using retrieval frameworks. An alternative method that preserves the amplitude of the plan-
etary spectral lines has recently been proposed (Gibson et al. 2020). This method runs SYSREM in
the classical way and thereafter, co-adds the models from all the iterations. The co-added SYSREM
model is then divided out from the original data and unity is subtracted. This approach of correct-
ing for systematics no longer alters the relative strength of the planetary lines at the location of

strong systematic features.

After removing the systematic effects with SYSREN, the residual spectral matrix contains the spec-
tral signature of the exoplanet atmosphere dominated by noise. In the case of transmission spec-
troscopy, the planetary signal corresponds to the transmission spectrum in Eq. (1.5) normalized
to its continuum with unity subtracted (AF). When using emission spectroscopy, the planetary

spectrum buried in the noise is equal to the continuum normalized planet-to-star contrast ratio
(Fp/F).

1.4.4. Spectral modeling

An efficient procedure to extract the signature of an exoplanet atmosphere from the noisy spectral
residual matrix is given by the cross-correlation method. This routine is widely used to investigate
the atmospheres of exoplanets and comprises calculating the cross-correlation function between

the residual spectra and a planetary model spectrum. The method combines the spectral lines of
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the exoplanet atmosphere into a single detection peak that exceeds the noise, which provides a
clear identification of the planetary signal (e.g., Snellen et al. 2010; Brogi et al. 2012; Rodler et al.
2012; Yan et al. 2020; Kasper et al. 2021).

In a first step, we need to define the atmospheric structure for calculating the model spectrum
of an exoplanet atmosphere. Important parameters to describe the atmospheric structure are the
temperature-pressure profile, the elemental abundances, and the surface gravity. Typically, several
approximations are made in this step to achieve a relatively low complexity level of the model
calculation. For example, temperature-pressure profiles that allow for a simple parametrization
or equilibrium chemistry are assumed to describe the conditions in exoplanet atmospheres (e.g.,
Hoeijmakers et al. 2019; Ishizuka et al. 2021). In particular, the assumption of chemical equi-
librium enables a relatively simple computation of the mixing ratios of the different chemical
species present in the planetary atmosphere (e.g., Yan et al. 2020, 2022b). In most cases, as-
suming a plane-parallel atmospheric geometry is sufficient to successfully characterize exoplanet
atmospheres. Alternatively, so-called general circulation models allow us to consider the three-
dimensional atmospheric structure at the cost of an increased computational effort (e.g., Showman
et al. 2013; Parmentier et al. 2018; Beltz et al. 2021).

Radiative transfer is calculated through the exoplanet atmosphere to obtain the model spectrum
after setting up the atmospheric structure. This calculation considers the propagation of photons
along different rays through the planetary atmosphere. Absorption, emission, and scattering of
the photons with the gas particles are generally considered for solving for the radiative transfer
equation. For details on radiative transfer in planetary atmospheres and the formal solution of
the radiative transfer equation, we refer the reader to the literature (e.g., Lopez-Puertas & Taylor
2002). A number of tools and codes for radiative transfer are publicly available, for example
TAUREx (Waldmann et al. 2015), CHIMERA (Line et al. 2017), or petitRADTRANS (Molliere et al.
2019). We use the latter radiative transfer code to compute the model spectra in this thesis. The
petitRADTRANS radiative transfer code is available as Python package, allowing straightforward
calculation of transmission and emission spectra at low (R~ 1000) and high spectral resolution
(R~ 10%). However, the accuracy of the model spectra critically depends on the quality of the
opacity data of the atmospheric gas particles, which are needed as input for the radiative trans-
fer calculation. For example, the limited precision of the TiO opacity database (Hoeijmakers
et al. 2015; Nugroho et al. 2017) has led to conflicting results between several studies on UHJ
atmospheres (e.g., Haynes et al. 2015; Nugroho et al. 2017; Herman et al. 2020; Serindag et al.
2021). Nevertheless, high precision opacity data is available for an increasing number of chemical
species over a wide range of wavelengths, temperatures, and pressures (e.g., HITRAN, HITEMP,
EXOMOL databases; Rothman et al. 2010; Tennyson et al. 2016; Gordon et al. 2017).

The radiative transfer code petitRADTRANS enables computing the transit radius and the exo-
planet atmospheric flux as a function of the wavelength for transmission and emission spec-
troscopy, respectively. However, the scaling of these quantities is not consistent with that of the

exoplanet signal in the residual spectral matrix. Therefore, the output of petitRADTRANS requires
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Figure 1.9.: Model spectra from an exoplanet atmosphere computed with petitRADTRANS. The fop and bottom panels
show examples of post-processed transmission (AF) and emission model spectra (F,/F.), respectively. The models are
normalized to the spectral continuum level and convolved with the instrumental profile.

additional post-processing steps before computing the cross-correlation function with the residual
spectra. Using Eq. (1.5), the transit radius modeled by petitRADTRANS is converted into the plan-
etary transmission spectrum and thereafter, normalized to the spectral continuum level. On the
other hand, for emission spectroscopy, we integrate the petitRADTRANS modeled flux from the
exoplanet atmosphere over the planetary surface and normalize with the flux of the host star. The
resulting planet-to-star flux ratio is then normalized to its continuum level. Finally, the normalized
transmission and emission model spectra are convolved with the line-spread-function of the spec-
trograph to account for the intrinsic line broadening from the instrument. Figure 1.9 illustrates
examples of petitRADTRANS model spectra resulting from the overall described post-processing

procedure.

1.4.5. Cross-correlation analysis

Calculating the cross-correlation function between an exoplanet model spectrum and the residual
spectra enables us to merge the information of the faint planetary spectral lines into a detectable
signal. The cross-correlation function is computed separately for each residual spectrum of the

time series. To this end, the model spectrum is shifted step-by-step over a predefined RV interval,
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Figure 1.10.: Example CCF maps in the stellar rest frame. The left panel shows the transmission, and the right panel
shows the emission cross-correlation signal from an exoplanet atmosphere. The yellow dash-dotted lines indicate
the beginning and the end of the primary and secondary eclipse, respectively. The transmission signal is detectable
exclusively during the primary eclipse, and the emission signal is absent during the secondary eclipse. We use synthetic
data to generate the CCF maps.

which is typically centered on zero and extends over several hundred kms~!. At each RV step,
the model spectrum is multiplied with the residual spectrum under consideration. The so-obtained

cross-correlation function (CCF) is defined as

CCF = Z rm(v), (1.6)

with r; being the residual spectrum and m; the model spectrum shifted by v in the RV space. As an
optional step, the data points of the residual spectra can be weighted with the inverse of the squared
uncertainties, yielding the so-called weighted CCF (e.g., Yan et al. 2020, 2022a). Subsequently,
if the spectra are provided in the order-by-order format, the information of the different echelle
orders is combined by co-adding their CCFs. This step is not required if the CCFs are calculated
from residual spectra in the order-merged format. In the following, the CCFs of the entire time
series are arranged in a two-dimensional array, called CCF map. Figure 1.10 shows examples of
CCF maps for transmission and emission spectroscopy, illustrating the moving Doppler-shift of
the exoplanet signal that forms a tilted trail. Analyzing this CCF trail allows us to constrain the

orbital and atmospheric parameters of the exoplanet under investigation.

Care must be taken when using the cross-correlation method as various effects can introduce spu-
rious signals into the CCF map. Prominent examples of spurious signals are those caused by the
Rossiter-McLaughlin effect (RME) and the center-to-limb variation (CLV), both originating in the
distortion of the stellar line profile as the planet transits in front of its host star. The RME is caused
by the stellar rotation (Rossiter 1924; McLaughlin 1924), while the CLV describes the variation
of the stellar line depth from the center to the limb of the stellar disk (e.g., Czesla et al. 2015; Yan
et al. 2015, 2017). Another example is the presence of artifacts in the CCF map caused by stellar
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Figure 1.11.: Example S/N maps in the planetary rest frame computed from the CCF maps in Fig. 1.10. The left panel
shows the transmission, the middle panel the emission S/N detection map. Particularly, emission spectroscopy enables
us to get tight constraints on the location of the detection peak by combining the cross-correlation signal from orbital
phases before and after the secondary eclipse. The contributions from orbital phases before and after the secondary
eclipse to the overall emission S/N map are illustrated in the right panels.

pulsations, affecting both transmission and emission spectroscopy observations. These pulsations
produce a variable stellar line profile and thereby, hinder an efficient removal of the lines from
the host star during the correction for systematic effects (e.g., Nugroho et al. 2020a; Herman et al.
2022). For instance, artifacts of this type are found in the CCF maps of our WASP-33b observa-
tions, which are presented in Chapters 2, 3, and 4 of this thesis. In general, spurious signals of
unwanted effects are either masked or modeled and then subtracted from the data (e.g., Yan et al.
2019; Kesseli et al. 2022).

In a next step, the cross-correlation signal is translated into a detection significance of the plan-
etary atmosphere. Equation (1.3) is used to align the CCF map to the planetary rest frame over
a range of different K, values under the assumption of a circular orbit. Each shifted CCF map
is collapsed into a one-dimensional CCF by computing the mean value over all orbital phases.
Subsequently, the one-dimensional CCF of each alignment is stacked in a two-dimensional array.
After normalizing the array by its standard deviation, we obtain a signal-to-noise detection map
(S/N map) as a function of the orbital parameters K, and Av. If the planetary spectral signature
is present in the data, the S/N map shows a significant peak at the expected K, and close to a
Av of 0kms~!. Typically, very faint planetary signals can be identified only after combining the
aligned and collapsed CCF maps into the S/N map. Figure 1.11 shows example S/N maps from
transmission and emission spectroscopy. The orientations of the S/N detection patterns between
transmission and emission spectroscopy differ due to the distinct phase intervals probed by the two
methods. In particular, emission spectroscopy offers the possibility of combining the differently
oriented detection patterns measured at orbital phases before and after secondary eclipse, allowing

us to precisely constrain the coordinates of the planetary signal in the K,—Av parameter space.

21



1. Introduction

In addition, a number of alternative methods for extracting and characterizing an exoplanet signal
from the CCF map are used in the literature. For example, the Welch z-test is applied to com-
pare the distribution of pixel values inside and outside the planetary trail in the CCF map (Welch
1947). This test assesses the probability that the “in-trail” and “out-of-trail” pixel distributions
result from the same parent distribution and thereafter, converts the resulting probability value
into a detection significance (e.g., Cabot et al. 2019; Sanchez-Ldpez et al. 2019; Alonso-Floriano
et al. 2019). Another successfully applied approach for extracting the exoplanet signal consists of
directly fitting a parameterized model of the cross-correlation signal to the CCF map (Yan et al.
2020, 2022b).

1.5. Characterizing exoplanets at high spectral resolution

The use of high-resolution spectroscopy has become routine for detecting and resolving the indi-
vidual spectral lines emerging from exoplanet atmospheres. Particularly, using the cross-correla-
tion technique and fitting parameterized model spectra to high-resolution spectroscopy observa-
tions are promising methods for in-depth atmospheric characterization. This section provides an
overview of the most important physical processes and properties of hot giant exoplanet atmo-
spheres that can be inferred with high-resolution spectroscopy. We detail how this method enables
us measuring the parameters of planetary systems and characterizing the atmospheric chemistry
and dynamics of exoplanets. The effect of the thermal structure of exoplanet atmospheres on the
spectral signature is discussed earlier in this thesis, and we refer the reader to Sects. 1.3.2 and 1.3.3

for the respective details.

1.5.1. Planetary and stellar parameters

High-resolution Doppler spectroscopy not only allows us to measure the planetary K, and Av
values, but also enables the determination of additional parameters of exoplanet systems. In the
following, we describe how these additional parameters can be determined and give the relevant

equations.

The orbital semi-amplitude of an exoplanet’s host star is given by

2G\'? M, sini 1
K*:( i ) poIn (1.7)

P (My + M)*3 (1 —e?)!/?’

wherein M, is the exoplanet mass, M. is the stellar mass, G is the gravitational constant, P is the
orbital period, e is the eccentricity, and i, is the orbital inclination (Cumming et al. 1999). On the

other hand, the orbital semi-amplitude of an exoplanet with a circular orbit is given by

K. == 1.
p Sini P ( 8)

dma . (ZHGM*)W. .
P p = sin i,
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1.5. Characterizing exoplanets at high spectral resolution

with a being the orbital semi-major axis (Birkby 2018). The combination of Egs. (1.7) and (1.8)
assuming e = 0 and M, < M, links the orbital motion of the exoplanet and its host star around

the systemic barycenter to the masses of the two objects:

M, K.
M. K,

(1.9

The value of K, is determined as described in Sect. 1.4.5, K, is derived via RV measurements and

M. is calculated using stellar evolution models (Birkby 2018).

For non-transiting exoplanets, Eq. (1.8) enables us determining the orbital inclination ,, which, in
turn, can be used to estimate the exoplanet mass M, via Eq. (1.7). In the presence of a transiting
exoplanet, i can be directly derived from the transit light curve (e.g., Casasayas-Barris et al. 2019).

In this case, the stellar mass M, can be calculated model-independently via Eq. (1.8).

1.5.2. Elemental abundances and planetary formation

Planets form from the material of their surroundings in protoplanetary disks, which are rotating
disks of gas and dust around young stars. The chemistry within these disks can strongly vary as
a function of their evolutionary stage and the distance from the host star. Consequently, the for-
mation and migration history of planets is encoded in their chemical composition (Madhusudhan
2019; Lothringer et al. 2021). Today, the core accretion model is thought to best explain the
formation of gas giant planets. This scenario predicts the formation of a solid planetary core, fol-
lowed by the accretion of significant amounts of gas (e.g., Pollack et al. 1996; Helled et al. 2014).
Alternatively, the so-called disk instability model has been proposed, which predicts planet forma-
tion via fragmentation of the protoplanetary disk and eventual contraction of the fragments (e.g.,
Helled et al. 2014; Gargaud et al. 2015). Current models predict that planet formation occurs pref-
erentially at large orbital separations from the host star, followed by migration to close-in orbits
(e.g., Madhusudhan et al. 2014a; Hands & Helled 2022). However, theoretical work has shown
that in-situ formation close to the host star may also be possible (Batygin et al. 2016; Boley et al.
2016). Consequently, one of the major goals of high-spectral-resolution observational studies is
to constrain the present-day chemistry of exoplanet atmospheres and to compare the results with

model predictions of planetary formation and migration.

The emission and absorption lines of a variety of chemical species have been discovered in the
high-resolution spectra of exoplanet atmospheres. Spectral features of atomic species in their neu-
tral and ionized form are most prominent in the spectra of UHJs as thermal dissociation mostly
prevents the formation of more complex chemical species. Molecular lines, on the other hand,
are commonly present in the spectra of planetary atmospheres with more moderate temperatures
as compared to the atmospheric thermal conditions of UHJs. So-called retrieval frameworks have
been developed that are employed to fit these spectral features with parameterized model spectra
and to constrain the physical parameters and elemental abundances in the atmospheres of exoplan-

ets (e.g., Brogi & Line 2019; Gibson et al. 2020). In particular, this method enables constraining
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the exoplanet atmospheric carbon-to-oxygen (C/O) ratio and the abundances of metal® elements,
which are quantities that are critically affected by the processes involved in planet formation (e.g.,
Madhusudhan 2012, 2019; Mordasini et al. 2016; Lothringer et al. 2021; Line et al. 2021). The
C/O ratio is calculated as the ratio between the number of carbon and oxygen atoms per unit vol-
ume and defined by C/O = N¢/Ngo. The metallicity in an exoplanet atmosphere is the stellar-
or solar-normalized logarithmic ratio between the number densities of the metal species in con-
sideration and hydrogen and is calculated as [M/H] = log (Nm/Nn), — log (Nm/Nu). (Nissen
2013).

Figure 1.12 gives a simplified picture of how the abundances of the most important volatile species
(H20, CO,, CO) in a protoplanetary disk affect the C/O ratio of a forming planet. The local tem-
perature in the disk diminishes with increasing distance from the host star. At the distance where
the disk temperature falls below the sublimation temperature of a specific volatile, the species in
consideration passes from the gaseous to the solid state. This distance is referred to as snowline.
Inside the snowline of the considered species, a volatile contributes to the gaseous component
of the protoplanetary disk, while outside it is frozen out and contributes to the solid component.
Among the most abundant volatile species, the innermost snowline is that of H,O, followed by
the snowlines of CO, and CO as shown in the top panel in Fig. 1.12 (Madhusudhan 2019). This
freezing-out-sequence results in a C/O ratio of the disk gas that increases towards the outer regions
of the protoplanetary disk. That of the solids is higher in the inner regions of the protoplanetary
disk than in the outer regions. At distances beyond the CO; snowline, CO dominates the gaseous
component of the disk, which leads to a C/O ratio close to unity as illustrated in the bottom panel
in Fig. 1.12 (Oberg et al. 2011). In summary, the location relative to the different snowlines where
a planet accreted gaseous or solid material during its formation critically affects the chemical

abundances present in its atmosphere.

So far, measurements of the C/O ratio and metallicity have been performed mostly for short-period
gas giant exoplanets. Elevated C/O ratios and low metallicity values are interpreted as an indica-
tion of planet formation outside the major snowlines, which is then followed by inward migration
after the dissipation of the disk (Oberg et al. 2011; Madhusudhan et al. 2014a). On the other
hand, low C/O ratios and elevated metal abundances hint towards the accretion of oxygen-rich
planetesimals during migration through the protoplanetary disk before disk dissipation (Shibata
et al. 2020, 2022; Lothringer et al. 2021). Other possible explanations for elevated metal abun-
dances in exoplanet atmospheres consider the drift of pebbles with elevated metallicity from the
outer to the inner regions of the protoplanetary disk where they undergo sublimation and accretion
(Booth et al. 2017), or erosion and mixing of metal-rich material from the planetary core with
the atmosphere (Madhusudhan et al. 2017). Expanding the sample of exoplanets accessible to
measurements of elemental abundances and ratios, as well as advancing retrieval techniques in

combination with theoretical work, will allow us to gain further insights into planet formation.

2 In astronomy, all elements other than hydrogen and helium are referred to as metals. The metal abundance is called
metallicity.
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Figure 1.12.: Distribution of the main volatile species in the protoplanetary disk and C/O ratio. In the top panel, we
report a simplified scheme of the protoplanetary disk with the snowlines of the main volatile species. In addition, we
show the names of the main volatile species present in the gas phase at different orbital distances. The host star is the
yellow sphere at the center of the disk. The image is not to scale. The bottom panel illustrates the C/O ratio of the
gaseous and solid components of the disk as a function of the orbital distance from the host star (Image credit: Figure
adapted from Madhusudhan 2019). At the specific snowlines, the species in consideration (H,0, CO,, and CO) freeze
out. The C/O ratio of the gas increases outward in the disk; the C/O ratio of the solids is higher in the inner regions of

the protoplanetary disk than in the outer regions.
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Figure 1.13.: Day- to nightside winds. The left panel shows a schematic of the day- to nightside winds for transmission
and emission spectroscopy (Image credit: Figure adapted from Yan et al. 2022a). The fop right panel shows the
transmission spectroscopy S/N map obtained from the observation of the hot Jupiter HD 189733b (reanalysis of the
H,O detection by Alonso-Floriano et al. 2019; Av=-3.9kms™!). When the planet passes in front of its host star, the
atmospheric day- to nightside winds are oriented towards the observer, resulting in a blueshifted spectral signature. In
the bottom right panel, we illustrate the emission spectroscopy S/N map from the observation of the UHJ WASP-189b
(CO detection by Yan et al. 2022a; Av=4.5kms™"). The dayside of the planet is aligned with the observer’s line of
sight, resulting in a redshifted spectral signature as the wind is directed away from the observer. The red and blue
dash-dotted lines indicate the blue- and redshifted signals from the planetary atmospheres.

1.5.3. Atmospheric dynamics

Theoretical work has explored the dynamics in the atmospheres of gas giant exoplanets with el-
evated temperatures. An important result of these studies is the existence of global winds with
velocities on the order of a few kms™! (Miller-Ricci Kempton & Rauscher 2012). Two classes
of wind patterns dominating the atmospheric circulation are predicted: either day- to nightside

airflows or super-rotational jet streams (Showman et al. 2013; Tan & Komacek 2019).

Day- to nightside winds can be identified in the atmospheres of hot giant exoplanets via the de-
tection of significant Doppler-shifts at high spectral resolution. The left panel in Fig. 1.13 shows
a simplified scheme of the day- to nightside winds. When the planet transits in front of its host
star, the atmospheric day- to nightside airflow is oriented towards the observer. This results in a
blueshifted transmission signal from the exoplanet atmosphere. Consequently, the detection peak
in the S/N map is deviated to negative Av values as illustrated in the top right panel of Fig. 1.13
(e.g., Snellen et al. 2010; Brogi et al. 2016, 2018; Alonso-Floriano et al. 2019). On the other hand,
the atmospheric airflow is directed away from the observer when the planetary dayside is aligned

with the observer’s line of sight. This results in a redshifted emission signal from the dayside
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atmosphere of the exoplanet. Such a redshift is detected as a deviation of the S/N peak toward

positive Av values as shown in the bottom right panel of Fig. 1.13 (Yan et al. 2020, 2022a).

Strong winds flowing at constant latitudes in the equatorial regions of hot giant exoplanets domi-
nate the global circulation in the jet stream regime. In this scenario, the airflow moves toward the
observer at one terminator and away from the observer at the other terminator when the planet tran-
sits across the front of its host star. Therefore, transmission spectroscopy can show a broadened
spectral line profile or, in the case of very strong wind speeds, Doppler-shifted signals with oppo-
site signs at ingress and egress. For instance, Salz et al. (2018) detected a redshifted and blueshifted
signal at transit ingress and egress of HD 189733b, respectively. In this case, at ingress the ab-
sorption signal mostly originates from the leading planetary limb where super-rotation moves the
material away from the observer. The atmospheric material at the trailing limb, which approaches
the observer, mostly causes the blueshifted egress signal. On the other hand, the Doppler-shift
of the emission spectroscopy signal caused by jet stream circulation corresponds to the integrated
Doppler-velocity over the planetary disk. Measuring the integrated Doppler-shift results in a com-
plex combination of winds and planetary rotation (Zhang et al. 2017). The detected values of
K, and Av in the S/N map can significantly deviate from the expected coordinates. Hence, the
interpretation of emission spectroscopy wind measurements is a challenging task. Moreover, the
presence of equatorial jet streams causes the hottest region in giant exoplanet atmospheres to move
downstream of the wind flow, away from the substellar point (Knutson et al. 2007). Attempts have
been made to constrain the shifts of these so-called atmospheric hot spots at high spectral resolu-
tion. However, high-resolution observational studies as of now have not yielded conclusive results
(e.g., Herman et al. 2022; van Sluijs et al. 2022).

In addition to atmospheric winds, other physical processes in the atmospheres of exoplanets can be
characterized by high-resolution spectroscopy. For example, assessing the broadening of the de-
tected cross-correlation signal allows for investigating the planetary rotation period (Snellen et al.
2014). On the other hand, an asymmetric CCF trail relative to the center of the primary or sec-
ondary eclipse can indicate thermal or chemical inhomogeneities in exoplanet atmospheres. These
asymmetries usually translate into an offset of the detection peak from the expected position in the
S/N map. Disentangling the Doppler-shifts originating from different atmospheric processes is
difficult since the total Doppler-signature is a degeneracy of winds, rotation, thermal and chemical
structure. Therefore, comparing the Doppler-offset and the line broadening measured at high spec-
tral resolution with theoretical model predictions can improve our understanding of atmospheric

dynamics, planetary rotation, and the structure of exoplanet atmospheres.

1.5.4. Atmospheric escape

Exoplanets on close-in orbits are exposed to elevated irradiation levels from their host stars. The
intense stellar fluxes lead to strong heating in the atmosphere, which can cause a significant es-

cape of gas from the planetary gravitational field. To date, two mechanisms are thought to best
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Figure 1.14.: High-spectral-resolution signature of atmospheric escape. The top panel shows the He 1 transmission
spectrum, which is the combination of three distinct absorption lines (Image credit: Figure adapted from Lesjak et al.
2022). The bottom panel illustrates the transmission spectrum of the Ha line (Image credit: Figure adapted from Yan
et al. 2021). We use black circles to denote the spectral data points with the respective uncertainties. The dark blue
curves represent the best-fit Gaussian functions, which correspond to the superposition of three functions in the case of
the He 1 spectral lines. The light blue dash-dotted lines indicate the centers of the respective absorption lines.

explain this so-called atmospheric escape. In the photoevaporation model, the absorption of X-ray
and ultraviolet photons induces strong heating in the planetary atmosphere (Lammer et al. 2003).
This heating mechanism results in the expansion of the planetary atmosphere, which leads to a
significant gas outflow. Alternatively, the core-driven mass-loss model considers heating from the
planetary interior in addition to the incoming stellar radiation as an energy source for atmospheric
mass loss (Ginzburg et al. 2018; Gupta & Schlichting 2020). Hydrogen and helium are the chem-
ical species that most easily overcome a planet’s gravitational field given their low atomic weight,
and strong outflows of these species can carry heavier atoms and molecules. This hydrodynamic
drag enables species with masses significantly higher than hydrogen and helium, such as C i1, O 1,
or Mg 1, to escape from exoplanet atmospheres (Vidal-Madjar et al. 2004, 2013). Outside our
Solar System, the outflow of atmospheric material has so far been observed in the spectra of gas
giant planets and Neptune-sized objects (Owen 2019).

Atmospheric mass loss can be detected as strong excess absorption during transit events since the
escaping material covers a significant fraction of the stellar disk. A key quantity in the observation
of atmospheric escape is the so-called Roche lobe radius. The material within the Roche lobe
radius is gravitationally bound to the planet, the material beyond this limit is no longer bound.
Therefore, an observed transit radius of an exoplanet close to or greater than the Roche lobe ra-
dius indicates the presence of ongoing atmospheric escape and allows us to measure the planetary

mass loss rate. Spectral features that are particularly sensitive to outflowing material include the
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Lyman-a (Vidal-Madjar et al. 2003) and the Balmer He (Yan & Henning 2018) hydrogen absorp-
tion lines at ultraviolet and VIS wavelengths, as well as the He 1 line triplet in the NIR range
(Oklop¢i¢ & Hirata 2018; Spake et al. 2018). Particularly, He and the three He 1 absorption
lines are located at wavelengths accessible to present-day available high-resolution spectrographs
and are therefore a suitable diagnostic to study the dynamical and spatial structure of escaping
atmospheres (Yan & Henning 2018; Nortmann et al. 2018; Allart et al. 2019). Figure 1.14 illus-
trates transmission spectra of the Ha line and the He 1 line triplet. Since the spectral signature of
atmospheric escape essentially consists of a few isolated spectral lines, their high-resolution trans-
mission spectra are in most cases directly characterized rather than using the cross-correlation

technique.

Theoretical work has shown that atmospheric mass loss is strongly affected by the properties of an
exoplanet’s host star (MacLeod & Oklopci¢ 2022). The interaction with the stellar wind can shape
the outflowing material into a comet-like tail. For instance, excess absorption of the He 1 triplet
in the spectra of WASP-69b beyond the primary eclipse has been interpreted as such a cometary
outflow following the planet on its orbit (Nortmann et al. 2018). On the other hand, the planetary
magnetic field can also affect the morphology of outflowing material and thus, influence the ob-
servable signature of atmospheric escape. Theoretical models predict a polar escape of material
at strong magnetic field strengths, causing a double-tail outflow pattern that can be inferred from

narrow band transit light curves (McCann et al. 2019; Carolan et al. 2021).

In addition, atmospheric escape is an important factor for planetary evolution and consequently
for exoplanet populations. In particular, small exoplanets can be significantly affected by material
outflows and lose a considerable fraction of the planetary mass over their lifetime. A well-known
phenomenon showing how atmospheric escape can affect the population of exoplanets is the ob-
served underpopulation of planets with radii between 1.5 and 2 times the Earth’s radius, which
is commonly known as “radius valley” (Fulton et al. 2017; Rogers et al. 2021). On the other
hand, the evolution of giant exoplanets is suggested to be only marginally affected by atmospheric

escape due to their elevated masses (Owen 2019).

1.6. Thesis outline

In this thesis, we present studies on the physical conditions in the atmospheres of the hottest
exoplanets known to date, the UHJs. We use high-resolution spectroscopy observations obtained
with the instruments CARMENES, HARPS-N, and ESPaDOnS for investigating the atmospheric

properties of these planets.

In Chapter 2, we report the analysis of the emission spectrum of the UHJ WASP-33b in the VIS
range. This study results in the detection of Fe 1 and provides evidence for the presence of TiO
in the planetary atmosphere. A different strength of Doppler-shift between the spectra from the

two chemical species indicates a three-dimensional chemical structure in the dayside hemisphere
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of the planet. Chapter 3 presents the detection of Si 1 emission lines in the NIR spectra of the two
UHIJs WASP-33b and KELT-20b/MASCARA-2b. This study represents the first high-resolution
detection of Si in any form in exoplanet atmospheres. Si-bearing species play a fundamental
role for cloud formation and in the energy balance of hot giant exoplanets. Chapter 4 describes the
study of the high-spectral-resolution signature of WASP-33b over an extended wavelength interval
between the near-ultraviolet and the NIR range. The study yields the detection of the spectral
emission lines of Si 1, Ti 1, Ti m, V 1, Fe 1, and the hydroxyl radical (OH). The emission lines
of the detected species are used to perform a retrieval of the physical and chemical conditions
in the planetary atmosphere, which reveals super-solar elemental abundances and an excess of
spectral line broadening. The retrieval also shows that the nightside atmosphere of WASP-33b
has significantly cooler temperatures than the dayside atmosphere. In Chapter 5, we summarize
the studies presented in this thesis and provide conclusions. Finally, we present an outlook on the

tasks and questions that future studies may address.
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2. Detection of Fe and evidence for TiO in the
dayside emission spectrum of WASP-33b

This chapter was published as the peer-reviewed article “Detection of Fe and evidence for TiO in
the dayside emission spectrum of WASP-33b” (Credit: Cont et al., A&A, 651, A33, 2021, repro-
duced with permission ©ESO). The article was co-authored by F. Yan, A. Reiners, N. Casasayas-
Barris, P. Molliere, E. Palle, Th. Henning, L. Nortmann, M. Stangret, S. Czesla, M. Lopez-Puertas,
A. Sanchez-Lépez, F. Rodler, I. Ribas, A. Quirrenbach, J. A. Caballero, P. J. Amado, L. Carone,
J. Khaimova, L. Kreidberg, K. Molaverdikhani, D. Montes, G. Morello, E. Nagel, M. Oshagh,
and M. Zechmeister. D. Cont performed the data reduction and the cross-correlation analysis, and
implemented the toy model of a TiO-depleted hot spot in WASP-33b’s atmosphere. F. Yan and
N. Casasayas-Barris conducted the observations of WASP-33b. F. Yan contributed to the calcula-
tion of the volume mixing ratios of Fe and TiO. K. Molaverdikhani computed the high-resolution
opacity data, which were used to generate the model spectra for cross-correlation. The other co-
authors contributed to the interpretation of the results and provided comments to the manuscript.

The layout of selected figures and tables has been slightly adapted for this thesis.

2.1. Abstract

Theoretical studies predict the presence of thermal inversions in the atmosphere of highly irradi-
ated gas giant planets. Recent observations have identified these inversion layers. However, the
role of different chemical species in their formation remains unclear. We search for the signature of
the thermal inversion agents titanium oxide (TiO) and iron (Fe) in the dayside emission spectrum
of the ultra-hot Jupiter WASP-33b. The spectra were obtained with CARMENES and HARPS-N,
covering different wavelength ranges. Telluric and stellar absorption lines were removed with
SYSREM. We cross-correlated the residual spectra with model spectra to retrieve the signals from
the planetary atmosphere. We find evidence for TiO at a significance of 4.90 with CARMENES.
The strength of the TiO signal drops close to the secondary eclipse. No TiO signal is found with
HARPS-N. An injection-recovery test suggests that the TiO signal is below the detection level at
the wavelengths covered by HARPS-N. The emission signature of Fe is detected with both in-
struments at significance levels of 5.70- and 4.50, respectively. By combining all observations,
we obtain a significance level of 7.30- for Fe. We find the TiO signal at K, = 248.03:2 kms~!,

which is in disagreement with the Fe detection at Kj, = 225.02‘:2 kms~!. The K}, value for Fe is in
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agreement with prior investigations. The model spectra require different temperature profiles for
TiO and Fe to match the observations. We observe a broader line profile for Fe than for TiO. Our
results confirm the existence of a temperature inversion layer in the planetary atmosphere. The
observed K, offset and different strengths of broadening in the line profiles suggest the existence

of a TiO-depleted hot spot in the planetary atmosphere.

2.2. Introduction

Hot Jupiters are gas giant planets with close-in orbits, which exhibit strong spectral features due
to their enhanced temperatures and sizes. So far, targets of atmospheric observations have been
mostly among this class of exoplanets. Hubeny et al. (2003) and Fortney et al. (2008) predicted
the existence of temperature inversion layers in highly irradiated gas planets due to the strong ab-
sorption of visible and ultraviolet radiation caused by TiO and VO in the upper atmosphere. Initial
evidence for the presence of an atmospheric inversion was found in the spectrum of the hot Jupiter
HD 209458b by Knutson et al. (2008). However, the claim of an inverted atmospheric temper-
ature profile could not be confirmed (Hansen et al. 2014; Diamond-Lowe et al. 2014; Schwarz
et al. 2015; Evans et al. 2015), and Hoeijmakers et al. (2015) did not find any signatures of TiO
in high-resolution spectra of the planet. Moreover, Hoeijmakers et al. (2015) investigated the TiO

line database and found several wavelength ranges with poor line list precision.

Producing high-resolution spectral line lists for transition metal diatomic molecules is computa-
tionally challenging, but the completeness and accuracy of line lists are critical for the detection
of these chemical species (McKemmish et al. 2019; Merritt et al. 2020). Nevertheless, hints for
the existence of TiO and VO were found in the atmospheres of WASP-33b and WASP-121b in
secondary eclipse measurements by Haynes et al. (2015) and Evans et al. (2017), respectively.
High-resolution Doppler spectroscopy led to the detection of TiO in the emission spectrum of
WASP-33b (Nugroho et al. 2017). However, Herman et al. (2020) reported a nondetection of TiO
at high spectral resolution. More recently, Serindag et al. (2021) reassessed the presence of TiO
in the spectra from Nugroho et al. (2017) by using an improved TiO line list, but they could not
find a detection at the same orbital parameters as the previous work. Also the existence of TiO and
VO in WASP-121b could not be confirmed by high-resolution spectroscopy observations (Merritt
et al. 2020). TiO was also detected in the low-resolution transmission spectrum of WASP-19b by
Sedaghati et al. (2017), but the detection was not confirmed by Espinoza et al. (2019).

To explain these nondetections of metal oxides in the atmospheres of highly irradiated planets, a
number of mechanisms have been proposed. A theoretical study by Spiegel et al. (2009) predicted
the depletion of TiO and VO in the upper atmosphere of hot Jupiters, as gravitational settling
moves the species into deeper layers of the atmosphere. Close-in giant planets are assumed to be
tidally locked, with a permanent day- and nightside. Hence, the existence of a day-night cold-trap
effect has been suggested. In this scenario, TiO and VO are moved by winds on a global scale to the
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nightside of the planet (Parmentier et al. 2013), where they condense due to cooler temperatures
and they are thus efficiently removed. According to the studies of Lothringer et al. (2018) and
Lothringer & Barman (2019), temperature inversions are also sensitive to the spectral type of
the host star. Their simulations predict the occurrence of thermal dissociation and ionization in
planetary atmospheres around hot stars, which decrease molecular abundances in favor of atomic

species and ions.

Although TiO and VO have not been widely detected in hot Jupiters, thermal inversions have been
found in several planets, such as WASP-33b (Haynes et al. 2015; Nugroho et al. 2017, 2020a),
WASP-121b (Evans et al. 2017), WASP-19b (Sedaghati et al. 2017), WASP-18b (Sheppard et al.
2017; Arcangeli et al. 2018), WASP-103b (Kreidberg et al. 2018), and HAT-P-7b (Mansfield et al.
2018). These planets are all ultra-hot Jupiters (UHJs), that is gas giant planets with dayside tem-
peratures greater than 2200 K (Parmentier et al. 2018). Theoretical simulations (e.g., Lothringer
et al. 2018) suggest that the absorption of atoms and ions can produce thermal inversion layers
in UHJs. Extreme thermal conditions lead to the dissociation of molecules into their constituent

elements, allowing us to characterize the elemental composition of UHJ atmospheres.

Recently, atomic hydrogen was found in the transmission spectra of UHJs (e.g., Yan & Henning
2018; Casasayas-Barris et al. 2018; Jensen et al. 2018; Cauley et al. 2021; Yan et al. 2021).
Moreover, metals such as Fe, Mg, Na, Ca, Ti, or V and their ions were detected via transmission
spectroscopy in the atmospheres of KELT-9b, KELT-20b, WASP-121b, WASP-12b, and WASP-
33b (e.g., Fossati et al. 2010; Hoeijmakers et al. 2018, 2019, 2020a; Casasayas-Barris et al. 2019;
Cauley et al. 2019; Sing et al. 2019; Yan et al. 2019; Stangret et al. 2020; Nugroho et al. 2020b;
Gibson et al. 2020; Ben-Yami et al. 2020). For some planets, the detected spectral lines allowed
for properties of their atmospheres to be analyzed in more detail, including atmospheric mass loss
rate (e.g., Yan & Henning 2018; Wyttenbach et al. 2020) and nightside condensation (Ehrenreich
et al. 2020; Kesseli & Snellen 2021). In addition to the transmission spectra, emission features of
neutral iron consistent with the presence of an inversion layer were observed in the dayside spectra
of the UHJs KELT-9b, WASP-189b, and WASP-33b (Pino et al. 2020; Yan et al. 2020; Nugroho
et al. 2020a). These detections of atoms and ions, together with the absence of TiO and VO in the
spectra of several UHJs suggest that metals are likely to play a key role in the formation of thermal

inversions.

WASP-33b (planet and host star parameters are listed in Table 2.1) moves on a retrograde orbit
around a ¢ Scuti A-type star with a period of 1.22 days. The host star has a visual magnitude
of V ~ 8 mag, which makes WASP-33b a favorable target for observations. With an equilibrium
temperature (T¢q) of 2700 K and a dayside temperature of T4,y ~ 3000 K, WASP-33b is the second
hottest exoplanet known so far. This makes the planet an ideal candidate for investigating the role
of chemical species in thermal inversions, their effect on the energy budget, and global circulation
of strongly irradiated atmospheres. WASP-33b shows evidence for the presence of an inversion
layer (Haynes et al. 2015). In addition to the detection of TiO by Nugroho et al. (2017), Yan et al.
(2019) found Ca m and Nugroho et al. (2020a) detected the presence of Fe as well as the existence

33



2. Detection of Fe and evidence for TiO in the dayside emission spectrum of WASP-33b

Table 2.1.: Parameters of the WASP-33 system used in this work.

Parameter Symbol (Unit) Value
Planet

Radius @ R, (Ry) 1.679*5:015
Orbital period Porp (d) 1.219870897
Transit epoch (BJD) To (d) 2454 163.22449
Systemic velocity © Usys (km s7h) -3.0+04
RV semi-amplitude ) K, (kms™) 231+3
Duration ingress C) Tingress (d) 0.0124 + 0.0002
Duration transit Tiransit () 0.1143 + 0.0002
Surface gravity ) log g (cgs) 3.46

Star

Radius @ R. (Ro) 1.509*9-0%6
Effective temperature ) Tegr (K) 7430 + 100
Rotational velocity ) Urot Sin iy (kms™!) 86.63f8§;

References. @ Lehmann et al. (2015) with parameters from Kovécs et al. (2013),
®) Maciejewski et al. (2018), ) Nugroho et al. (2017), Y Kovics et al. (2013), © Collier
Cameron et al. (2010), ") Johnson et al. (2015).

of a thermal inversion via high-resolution Doppler spectroscopy. Hints for other high temperature
absorption species were also found by von Essen et al. (2019) and Kesseli et al. (2020), who

tentatively detected the spectral signature of AlO and FeH, respectively.

In this work, we report the detection of Fe and evidence for the presence of TiO on the day-
side of WASP-33b. We use high-resolution Doppler spectroscopy with CARMENES (Calar Alto
high-Resolution search for M dwarfs with Exoearths with Near-infrared and optical Echelle Spec-
trographs) and HARPS-N (High Accuracy Radial velocity Planet Searcher for the Northern hemi-
sphere). The signature of both species is observed in emission, indicating the presence of an
inverted temperature profile in the planetary atmosphere. We structure the paper as follows. In
Sects. 2.3 and 2.4, we describe our observations and the data reduction procedures. Section 2.5
details the methodology used to find the signals of TiO and Fe. In Sect. 2.6, we present the results

with discussions. Conclusions are drawn in Sect. 2.7.

2.3. Observations

We observed the thermal emission spectrum of WASP-33b on 15 November 2017 with the CAR-
MENES spectrograph (Quirrenbach et al. 2016, 2018, 2020) at the 3.5 m Calar Alto telescope.
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Figure 2.1.: Orbital phase coverage and S/N. Pink corresponds to CARMENES, blue/green to HARPS-N and gray
to the ESPaDOnS observations (Herman et al. 2020). Panel a: WASP-33 system with the phase coverage of the
observations. Panel b: S/N of each spectrum as a function of orbital phase. The begin and the end of the secondary
eclipse are indicated by the orange dash-dotted lines.

CARMENES consists of two fiber fed high-resolution spectrographs covering the wavelength
ranges from 520 to 960 nm (VIS) and from 960 to 1710 nm (NIR), which corresponds to 61 and
28 spectral orders, respectively. The resolution is R ~94 600 in the VIS channel and R ~ 80400
in the NIR channel. In this work, only the data collected with the VIS channel are used. The
CARMENES observation covered pre-eclipse, eclipse and post-eclipse of the planet, which cor-
responds to an orbital phase coverage of 0.29 to 0.65 (cf. Fig. 2.1a). In total, we gathered 105
spectra, each with an exposure time equal to 300s. The airmass varied between 1.00 and 2.53.
Except for one thick cirrus, the night was photometric with a seeing of about 1.5”. We discarded
seven spectra for which the target was not centered onto the fiber due to bad guiding of the tele-
scope. Moreover, we removed three spectra during the passing of the cirrus cloud, ending up with

a total number of 95 spectra for further analysis.

Another two observations of the thermal emission spectrum of WASP-33b were obtained on
15 October 2020 and 7 November 2020 with the HARPS-N spectrograph (Mayor et al. 2003;
Cosentino et al. 2012) at the Telescopio Nazionale Galileo. HARPS-N is a fiber fed high-resolution
spectrograph that covers the wavelength range from 383 to 690 nm, corresponding to 69 spectral
orders. The spectral resolution is R ~ 115000. Our observations covered the orbital phase range
0.43 to 0.70 in the first night and 0.24 to 0.57 in the second night (cf. Fig. 2.1a). We obtained 125
and 155 spectra, respectively. The exposure time of each spectrum was 200 s for both observations.
The airmass varied between 1.01-1.99 and 1.01-2.03, respectively.

For all the observations, we observed the target with fiber A and used fiber B to record the sky
background for considering the sky emission lines in the subsequent data analysis. Further details

on the observations are reported in the observation log in Table 2.2.
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Table 2.2.: Observation log.

Observing Airmass Phase Exposure
Instrument Date ] ) spectra
time (UT) change coverage  time (s)
New data
CARMENES 2017-11-15 17:59-04:47 1.87-1.00-2.53 0.29-0.65 300 105
HARPS-N 2020-10-15 21:06-04:55 1.99-1.01-1.27 0.43-0.70 200 125
HARPS-N 2020-11-07 19:39-05:18 1.96-1.01-2.03 0.24-0.57 200 155
Archival data
ESPaDOnS 2013-09-15 09:09-13:00 1.75-1.05 0.30-0.44 90 110
ESPaDOnS 2013-09-26  10:35-12:29 1.16-1.05 0.37-0.44 90 55
ESPaDOnS 2014-09-04 10:49-14:42 1.39-1.05-1.07 0.56-0.69 90 110
ESPaDOnS 2014-09-15 10:00-13:53 1.42-1.05-1.06 0.55-0.68 90 110
ESPaDOnS 2014-11-05 08:51-10:49 1.08-1.05-1.08 0.31-0.38 90 55

Notes. The observations from CARMENES and HARPS-N are presented the first time in this
work (new data). The observations with ESPaDOnS are archival data from Herman et al. (2020).

In addition to our data from CARMENES and HARPS-N, we also re-analyzed five archival ob-
servations from ESPaDOnS (Echelle SpectroPolarimetric Device for the Observation of Stars) at

the Canada-France-Hawai’i telescope (Herman et al. 2020). Details of this analysis are provided
in Sects. 2.6.5 and 2.6.6.

2.4. Data reduction

2.4.1. Pre-processing the spectra

The raw frames were processed by the data reduction pipelines caracal v2.20 for CARMENES
(Zechmeister et al. 2014; Caballero et al. 2016) and the Data Reduction Software for HARPS-
N. With CARMENES, we obtained a one-dimensional spectrum for each frame and spectral order
(our numbering is 1-61, corresponding to the CARMENES echelle orders 118-58). We split the
order-merged, one-dimensional spectra from HARPS-N into 69 order-like segments to conduct
the same analysis steps for both instruments (hereafter spectral orders; for wavelength range of
each segment see Fig. 2.12). The flux signal-to-noise ratio (S/N) of each spectral order and one-
dimensional spectrum was calculated by the instrument pipelines. We report the mean S/N value

of each spectrum in Fig. 2.1b.

We used Python to apply the following procedures to the spectra. After sorting the spectra chrono-

logically, we obtained a two-dimensional matrix for each observation and spectral order (see an
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Figure 2.2.: Pre-processing steps for a selected wavelength range of CARMENES. Panel a: unprocessed spectral
matrix; panel b: matrix after normalization, masking and outlier correction; panels ¢ and d: spectral residuals after one
and six SYSRENM iterations, respectively. After one iteration, several telluric lines are still visible. At higher iteration
numbers the telluric lines are almost entirely removed.

example of spectral matrix in Fig. 2.2a). We corrected pixels that the pipelines flagged as bad
quality by linear interpolation to the nearest neighbors. Pixels that were flagged more than three
times during the time series were masked. To correct So- outliers due to cosmic rays, we fit-
ted a third-order polynomial to the time evolution of each pixel and replaced the affected pixels
with the polynomial function values. Furthermore, we needed to remove the contribution of the
grating blaze function and the different exposure levels of the spectra due to the varying atmo-
spheric conditions (e.g., changing airmass) during the observations. Hence, we individually fitted
a second-order polynomial to the pseudo-continuum of each spectrum and normalized it with the
resulting fit function. Wavelength ranges with broad stellar absorption bands or strong emission
lines in fiber B were excluded during the second-order polynomial fit. We masked wavelength
ranges where the flux was below 20% of the continuum level. Due to almost no flux, the five
spectral orders at the red end of the CARMENES wavelength range were entirely masked and ex-
cluded from further analysis. As a result, we obtained a normalized, masked and outlier corrected

spectral matrix for each observation and spectral order (see example in Fig. 2.2b).

2.4.2. Removal of telluric and stellar lines

The Earth’s telluric and stellar lines were removed from the spectra by using SYSREN, a detrending
algorithm originally designed to remove systematic effects from sets of transit light curves (Tamuz
et al. 2005). The algorithm iteratively performs linear fits of the stellar and telluric line evolution

in time and then subtracts the linear contribution from the signal. We treated each wavelength
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bin as an individual light curve to remove systematics from the spectral time series. The spectra
were detrended by passing each two-dimensional spectral matrix as input to the algorithm. We
assigned airmass as the starting fit parameter in order to improve the performance of SYSREM. We
ran the algorithm for different iteration numbers, that is between one and ten consecutive itera-
tions (see example of different iterations in Figs. 2.2c and 2.2d). To remove large-scale features,
we filtered the resulting spectral residual matrices with a Gaussian high-pass filter (25 pixels for
CARMENES; 75 pixels for HARPS-N) and divided each matrix column by its variance (Yan et al.
2019).

When assuming a circular orbit with a semi-amplitude velocity equal to 231kms~! (Lehmann
et al. 2015; Kovécs et al. 2013), the planet is expected to move at radial velocities between
—220kms~! and +231 kms~! during our observations (phase coverage 0.24—0.70). On the other
hand, the telluric and stellar lines are approximately stationary. Therefore, at small iteration num-
bers, the SYSREM algorithm removes mostly the telluric and stellar lines while only slightly af-
fecting the planetary signal. However, once telluric and stellar lines are fitted and removed to a
certain degree, the algorithm begins to detrend also the planetary lines (e.g., Birkby et al. 2017;
Nugroho et al. 2017; Alonso-Floriano et al. 2019; Sinchez-Lépez et al. 2019). Hence, we ex-
pect the planetary signal to appear strongest after an optimal number of SYSREN iterations. This
number should vary from order to order due to a different strength of telluric and stellar line con-
tamination. However, we decided to use a conservative approach and assumed a common optimal
iteration number for all spectral orders. The amplitude of the signal from the planetary atmosphere
varies between different wavelength ranges and chemical species. Therefore, we assessed the op-
timal iteration number by maximizing the detection strength for each instrument and chemical

species separately (see Sects. 2.6.1 and 2.6.2).

2.5. Methods

The planetary signal is buried in the noise of the residual matrices (see example in Fig. 2.2d).
To extract the atmospheric emission signature, we employed the cross-correlation method, which
has been successfully applied in a number of previous studies (e.g., Snellen et al. 2010, 2014;
Brogi et al. 2012; Rodler et al. 2012; Birkby et al. 2013; Alonso-Floriano et al. 2019; Sanchez-
Loépez et al. 2019). This technique allows us to combine the numerous weak planetary lines into a
detectable signal by computing the cross-correlation function (CCF) between the residual spectra
and a planetary model spectrum. To this end, we computed model spectra for the chemical species

we intended to search for (i.e., TiO and Fe).

2.5.1. Spectral models

Molecular species are affected by thermal dissociation in the dayside atmosphere of UHJs (e.g.,
Kreidberg et al. 2018; Parmentier et al. 2018; Arcangeli et al. 2019). As TiO may be depleted at
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Figure 2.3.: Modeled planetary emission spectra (left panels) and the corresponding T-p profiles with volume mixing
ratios (VMRs, right panels). We used different T-p profiles for the two species and computed the VMRs assuming
equilibrium chemistry with solar elemental abundances. The top and the bottom panels refer to TiO and Fe, respectively.
The CARMENES wavelength range is shaded in pink; the HARPS-N wavelength range is shaded in green; the ranges
overlap. The spectral lines are stronger in the CARMENES range when compared to HARPS-N. A different scaling is

applied to the planet-to-star flux contrast ratio on the y-axis of the spectra. The spectral lines of Fe are stronger when
compared with the TiO model spectrum.

the locations where the temperature is highest (near the substellar point), we hypothesize that the
spectral signatures of TiO and Fe may emerge from atmospheric regions with different thermal
conditions. For this reason, we decided to model two different atmospheres, each with an indi-
vidual thermal structure. Both atmospheres consist of 40 layers in a pressure range from 107>
to 1bar and are equispaced on a logarithmic scale. We assumed a moderate temperature for the
TiO atmosphere (to avoid TiO to be significantly dissociated) and a higher temperature for Fe. In
Sect. 2.6.3, we further discuss the usage of two different temperature profiles. For TiO, we took
the inverted T-p profile found by Haynes et al. (2015). To model the Fe spectrum, we used the
T-p profile of WASP-189b, which was retrieved by Yan et al. (2020) using the Fe emission lines.
This planet has properties similar to WASP-33b (e.g., mass, radius, equilibrium temperature, and
spectral type of the host star). Therefore, using this 7-p profile is an appropriate approximation for
studying the presence of Fe in the atmosphere of WASP-33b. We used easyCHEM (Molliere et al.
2017) to compute the volume mixing ratio (VMR) and the mean molecular weight for each layer
under the assumption of equilibrium chemistry and solar elemental abundances. We calculated
emission spectra for TiO and Fe using the radiative transfer code petitRADTRANS (Molliere et al.
2019). We used a blackbody spectrum with a temperature of 7430 K for the host star to compute
the planet-to-star flux ratio. The flux normalized model spectra as well as the corresponding 7-p
profiles and VMRs are shown in Fig. 2.3. We convolved the normalized emission model spectra

with the instrument profiles and applied the same high-pass filter as described for the residual
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spectra in Sect. 2.4.2. This makes our analysis insensitive to the emission continuum level and

consequently, allows us to only account for the relative strength of the spectral lines.

2.5.2. Cross-correlation

Our implementation of the cross-correlation is based on the Python routine pyasl.crosscorrRV
from the PyAstronomy package (Czesla et al. 2019). We computed the CCFs over a range
of Doppler-shifts from —364kms~! to +364kms~! and applied velocity steps of 1.3kms™! for
CARMENES and 0.8 kms~! for HARPS-N , which corresponds to the mean pixel spacing of the
instruments. A CCF with the planet model spectrum was calculated for each residual spectrum.
This resulted in a 95 X 561 cross-correlation matrix (ﬁ) for CARMENES and to a 125 x911
and a 155 x 911 CCF for HARPS-N. We subtracted the median value from each CCF to avoid any
interference with leftover broadband features in the spectra. The CCFs were calculated indepen-

dently for all spectral orders, chemical species and observations.

We co-added the CCFs for each chemical species and observation separately. This led to the final
cross-correlation maps. Only the CCFs of the spectral orders that are selected in Sect. 2.5.3 were
included in this step. This resulted in a final cross-correlation function map (CCF map) for each
chemical species and observation (e.g., Fig. 2.4). Finally, we merged the CCF maps of the two
HARPS-N observations into one single 280 x 911 CCF map, which led to one CCF map for each

instrument and chemical species.

We found strong artifacts in the CCF map of Fe that originate from residual stellar lines (see
Fig. 2.4). These lines are not efficiently removed by SYSREM as their strength varies with time due
to the pulsation of the host star. The radial velocity (RV) domain of the residual stellar lines is
determined by the stellar rotation velocity and is confined to the range between vy sin i, (i.e.,
between roughly —87kms~! and +87kms~! in the stellar rest frame). To avoid any correlation
with the model spectrum in the CCF map of Fe, we masked all velocities between 90 km s~! and
+90kms~! in the stellar rest frame (for comparison, the planetary RV during secondary eclipse
is between —67kms~! and +67kms~!). Hence, the RV ranges from -90kms~! to -67kms~!
and from +67kms™! to +90kms~! are lost as the planetary trail in the CCF map is masked.
This represents 10% (CARMENES) and 16% (HARPS-N) of the observations outside eclipse.
Consequently, the masking of the stellar line residuals will not strongly affect the detection in

Sect. 2.6.1 and the resulting conclusions.

2.5.3. Exclusion of bad spectral orders

The precision of line lists is of critical importance when using the cross-correlation technique.
However, the line lists of TiO suffer from inaccuracies, which reduce the detection sensitivity of
the molecule (Hoeijmakers et al. 2015; Nugroho et al. 2017). The calculation of models leading
to a detection of TiO in planetary atmospheres remains a challenging task (Herman et al. 2020;
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Figure 2.4.: CCF map of Fe obtained with CARMENES in the stellar rest frame. The strong residuals between the
yellow dash-dotted lines are caused by residual Fe lines from the host star pulsation. We indicate the faint planetary
trail with yellow arrows.

Serindag et al. 2021). We attempted to mitigate this issue by using the new line database ToTo
ExoMol (McKemmish et al. 2019) to generate our TiO model spectrum. However, this line list
is also expected to show inaccuracies in certain wavelength ranges (McKemmish et al. 2019).
To exclude spectral orders with a poor line list from our analysis, we conducted an order-wise
validation of the TiO line list. A detailed description of the TiO line list validation is provided in
Sect. 2.8. As aresult, we only included the CCFs from spectral orders corresponding to wavelength
ranges with a precise line list when generating the CCF map for TiO. In contrast, Fe line lists are
considered to be precise (Kurucz 2011). Hence, we refrained from analyzing the line list precision
of Fe and included the CCFs of all orders to compute the CCF map of this species.

No prominent emission features are present in the TiO model spectrum blueward of about 6000 A
(see Fig. 2.3). To assess whether the molecular signature in the corresponding spectral orders is
strong enough to contribute to a detection of TiO, we conducted an order-wise injection-recovery
test (Sect. 2.9). Consequently, we included only the CCFs that allow us to recover an injected
model spectrum into the CCF map. We recovered the injected model spectrum in several spectral
orders of CARMENES successfully (roughly between 6000 A and 9000 A). In contrast, only in
one spectral order of HARPS-N the injected signal could be retrieved. This result suggests that
even if present, the signature of TiO will be below the required level for a significant detection in
the HARPS-N observations. On the other hand, all the spectral orders contribute to the detection
of Fe due to the stronger emission features in the model spectrum when compared to TiO (cf.

Fig. 2.3). Consequently, we included all the spectral orders when calculating the Fe CCF map.

In conclusion, only the spectral orders passing both the line list assessment and the injection-
recovery test were included in our TiO analysis. All other spectral orders were excluded. In
contrast, we included all spectral orders in the Fe analysis because of the availability of a precise

line list and a strong spectral signature expected from the model spectrum in Fig. 2.3.
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2.5.4. Searching for atmospheric features

We assumed that the planet moves on a circular orbit and expect its observed radial velocity to be

described by the expression
Up = Usys + Upary + Kp sin 271¢p + Av, 2.1

where vgys is the systemic velocity, vp,ry 1S the observer’s barycentric velocity, K, is the orbital
semi-amplitude velocity of the planet, ¢ is the orbital phase and Av is the residual radial velocity
in the planetary rest frame. By using Eq. (2.1) and linear interpolation, we aligned the CCF map
to the planetary rest frame (see Fig. 2.5). To account for the varying flux level from atmospheric
conditions and instrumental effects (e.g., telescope guiding, alignment with the instrument fiber),
each row of the CCF map was weighted with the squared flux S/N (see Fig. 2.1b) of the corre-
sponding spectrum (Brogi & Line 2019). We collapsed the aligned CCF map along the time axis
by computing the mean value of each matrix column. If the model spectrum reflects the planetary
signal and a Doppler-shift according to Eq. (2.1) is present, the collapsed CCF map will show a
peak at Av close to 0kms™! (see top panels in Fig. 2.6). Following the same procedure as previ-
ous studies (e.g., Birkby et al. 2017; Sédnchez-Lopez et al. 2019; Alonso-Floriano et al. 2019), we
aligned with different K, values and combined the resulting 1D plots of the collapsed CCF map
in a 2D matrix. We used K, values between +150 km s~! and +310kms~! in steps of 0.5kms™'.
We considered a range of Av from —80.6kms™! to +80.6kms~! in steps of 1.3kms™! for the
CARMENES observation. The considered values for both HARPS-N observations ranged from
—-80.0kms™! to +80.0kms~! in steps of 0.8 kms~!. Under exclusion of the peak, we computed
the standard deviation of the 2D matrix. The matrix was normalized with the standard deviation
and a signal-to-noise map of the detection significance (S/N map) as a function of the orbital semi-
amplitude K, and the radial velocity deviation from the planetary rest frame Av was obtained. To
assess the strength and the position of the detection peaks, we computed the S/N map from each

instrument and chemical species independently.

2.6. Results and discussion

2.6.1. Detection of Fe

We found a clear signature of Fe with both instruments. With CARMENES, we achieved a max-
imum peak value of §/N =5.7 at K, =228.0*3> kms™' and Av=1.3*37kms! after five consec-
utive SYSREM iterations (see Fig. 2.6 right panel). For HARPS-N the maximum peak value of
S/N =4.5 was found after eight iterations at K, =225 .Ofg:g kms™!' and Av= —O.ng:g kms™! (see
Fig. 2.7b). A summary of all results is provided in Table 2.3. The detected Fe signal is strong
enough to be clearly identified in the CCF maps (Figs. 2.5 and 2.7). Since we only used the sec-
tions of planetary trail that are located outside the region dominated by stellar iron lines (c.f. the
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Figure 2.5.: CCF maps from CARMENES aligned to the rest frame consistent with the maximum K, values (i.e.,
248.0kms™! for TiO and 228.0kms™' for Fe; see Fig. 2.6). We indicate the TiO signature with the vertical dashed
lines. The two horizontal dash-dotted lines indicate the beginning and end of the secondary eclipse. We masked the
phase interval where the TiO signal is below the noise level (see Sect. 2.6.2). Also the radial velocity domain of residual
stellar Fe lines was masked (see Sect. 2.5.2). The wider Fe trail when compared to TiO is likely caused by a different
degree of rotational broadening, which hints at a global distribution of Fe and localized TiO in the atmosphere of
WASP-33b.
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Figure 2.6.: S/N maps after six and five consecutive SYSREM iterations with CARMENES for TiO and Fe, respectively.
We get S/N significance levels of 4.9 for TiO and 5.7 for Fe. The peak coordinates in the S/N map are indicated by
the yellow dash-dotted lines. Cross-sections of the S/N peaks are reported in the horizontal and vertical panels. The
horizontal panels also correspond to the collapsed CCF maps in Fig. 2.5. The Fe signal is consistent with the expected
K, value; the TiO peak is found with an offset of roughly +17kms™'.
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Figure 2.7.: Detection of Fe with HARPS-N. Panel a: CCF map in the planetary rest frame (aligned using
K,=225.0kms™"). The vertical trail indicated with white lines is the planetary Fe signal. The two horizontal dash-
dotted lines indicate the beginning and end of secondary eclipse. Panel b: signal-to-noise ratio map. The peak coor-
dinates in the S/N map are indicated by the yellow dash-dotted lines. Cross-sections of the S/N map are shown in the
horizontal and vertical panels.

CCF map in Fig. 2.4), the detected signal is not affected by the stellar line residuals from the pul-
sations. Moreover, we computed the S/N maps of Fe by using the non-inverted 7-p profile from
Nugroho et al. (2017) and observed negative S/N peaks with orbital parameters that are consistent

with those found by using the inverted atmospheric profile (Fig. 2.16).

Our results confirm the recent report of neutral iron and an atmospheric inversion layer in the
dayside of WASP-33b (Nugroho et al. 2020a). As the model spectrum used for cross-correlation
is based on an inverted T-p profile, the detection of Fe is an unambiguous proof of a temperature
inversion in the planetary atmosphere. The negative detection peaks obtained with a non-inverted
T-p profile further substantiate the existence of a thermal inversion layer. The obtained K, values
are close to the expected K, (231 + 3km s~1), which was calculated using the planetary orbital
parameters. The strong detection of Fe strengthens the hypothesis that the species is significantly
contributing to the heating of the upper planetary atmosphere (Lothringer et al. 2018; Lothringer &
Barman 2019). However, additional atomic and molecular species (e.g., Ti, Mg, AlO, SiO, CaO,
FeH) and ions (e.g., Fe 1, Mg 1) may also contribute to maintain the atmospheric temperature
inversion (Lothringer et al. 2018; Lothringer & Barman 2019; Gandhi & Madhusudhan 2019).

2.6.2. Evidence for TiO

We find evidence for TiO in all ten S/N maps of CARMENES, with each map corresponding
to a different number of SYSREMN iterations (see Fig. 2.6 left panel). In contrast, no significant

signature at physically realistic values of K, was detectable with HARPS-N. This nondetection
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is not surprising because the expected TiO emission feature is relatively weak in the HARPS-N

wavelength range (Fig. 2.3).

The TiO signal found with CARMENES peaks after six consecutive iterations and when we ex-
cluded an orbital phase interval around secondary eclipse (i.e., between 0.37 and 0.60, which is
masked in Fig. 2.5). This suggests that inside this orbital phase range the planetary signal is not
detectable. A map of the detection strength when excluding different orbital phase ranges is pro-
vided in Fig. 2.17. We found the maximum S/N at K, = 248.03‘5) kms~! and Av= 0.0f%g kms™!
with a significance level of S/N =4.9 (cf. Table 2.3). The measured evidence for TiO is in line
with prior detections (Haynes et al. 2015; Nugroho et al. 2017) and consistent with the systemic
velocities calculated by Nugroho et al. (2017, 2020a). However, K, is located +17 km s~ off from
the expected value (231 kms™!). In comparison, Nugroho et al. (2017) also found a deviation of

about +8 kms~! from the expected K, value.

Our detected signature of TiO is unlikely to originate from the host star. WASP-33 is an A-type star
and hence, we expect the absence of significant stellar TiO concentrations (e.g., in stellar spots).
Moreover, the planetary trail of TiO in Fig. 2.5 is located outside the RV range that could poten-

tially be affected by residual stellar TiO lines (i.e., outside +uvy Sin i, in the stellar rest frame).

2.6.3. TiO-depleted hot spot region

The TiO signal is located at a K, value deviating from the expected one, while the Fe signal
is consistent with the expected value. To explain the K}, deviation, we propose the presence of a
TiO-depleted hot spot region in the dayside atmosphere of WASP-33b. General circulation models
predict a confined region with enhanced temperature, namely the hot spot, as a general feature in
UHJ atmospheres (e.g., Komacek et al. 2017; Parmentier et al. 2018; Arcangeli et al. 2019). With
an average dayside temperature of Tgay ~ 3000 K (Zhang et al. 2018; von Essen et al. 2020), TiO
is expected to be largely dissociated in the hot spot region. Consequently, the molecule will
be more concentrated toward the terminator region of the planet. Moreover, theoretical studies
predict Doppler-shifts of hot Jupiter atmospheres due to global-scale winds with predominant
super-rotation (e.g., Showman et al. 2013; Zhang et al. 2017; Flowers et al. 2019; Beltz et al.
2021). Therefore, we propose that the combination of a TiO-depleted hot spot region, the planetary
rotation, and atmospheric winds could cause the observed deviation of K,,.

To check the plausibility of this scenario, we implemented a simple toy model to compute the
synthetic CCF map and the corresponding S/N map. In this toy model, we assumed that TiO is
absent in the hot spot region and is only present in the regions close to the equator at both sides
of the planetary limb. An example of the model setup is shown in Fig. 2.8. We divided the TiO
regions into individual longitudinal grid points and assumed a Doppler-shifted Gaussian profile as
the CCF of each point. The velocity of each grid point is determined by the planetary rotation, the
super-rotation of the atmosphere, and the planetary orbital motion. The velocity at the equator due

to rotation was set to vy = 7 kms~!, which corresponds to a tidally locked planet.
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Figure 2.8.: Illustration of the toy model. The left panel represents the WASP-33 system; the right panel illustrates a
zoom in on the planet. The curved black arrows indicate the rotation direction and the gray arrow indicates the orbital
motion direction. We assumed the presence of TiO near the terminator (indicated as red and blue regions). Due to the
planetary rotation, the TiO signature is redshifted before eclipse (red arrow) and blueshifted after eclipse (blue arrow).
The orbital phase is ¢ and the geographical longitude is denoted with  (west limb at —90 °; east limb at +90 °; substellar
point at 0°).

To construct a model S/N map resembling that of the CARMENES observations, we defined a
set of different combinations of the following parameters: geographical longitudes where TiO is
present, velocities of the super-rotation and K, values in the uncertainty range (231 + 3km s7h.
We simulated the S/N map for each combination and assessed the locations of the peak values.
As a result, we found several parameter configurations that led to a peak in the model S/N map at
K, values between 240 km s~! and 250kms~!. To produce a S/N peak in this range, our model
tends to favor the presence of TiO on the night hemisphere or close to the terminator regions.
However, the nightside atmosphere has a significantly lower average temperature than the dayside
(von Essen et al. 2020). Hence, the nightside atmosphere is unlikely to possess a temperature
inversion and we do not expect that the TiO emission originates from the nightside hemisphere.
Instead, we hypothesize that the TiO emission signals are from the regions close to the planetary
terminators. We also suggest that a super-rotating atmosphere may transport heated gas across the
eastward terminator, leading to a significant presence of TiO in a restricted region of the nightside.
Figure 2.9 shows a toy model solution for this scenario, adopting a super-rotating atmosphere with
Uwind = 8kms~! and two TiO regions at longitudes 90° to 130° (east limb) and —70° to -90°
(west limb; Fig. 2.8). This led to a maximum S/N located at K, = 243.0kms™!, which is close
to the orbital parameters of the planet obtained with CARMENES from the TiO signal. In order
to obtain a similar K, as the CARMENES result, only one TiO region must be visible at a given
phase, otherwise we would observe a double-peak CCF. Figure 2.8 shows that the region at the
east planetary limb is only visible before the eclipse while the west limb region is only visible after
the eclipse. Although the toy model can explain the observed TiO signal, we emphasize that the
model is not constrained sufficiently well to retrieve the actual parameters of the global circulation

and the TiO distribution. Due to the simplicity of the toy model, we also refrain from giving the
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Figure 2.9.: Solution of the toy model for the TiO signal. Panel a: modeled S/N map. The yellow dash-dotted lines
indicate the peak value at K, =243.0kms™'. Panel b: modeled CCF map in the stellar rest frame. The yellow dash-
dotted lines indicate the begin and end of the secondary eclipse. We also show the continuation of the CCF trail during
eclipse for a better understanding. Prior to the secondary eclipse only the terminator region at the east limb is visible to
the observer, leading to a redshift of the TiO signature (shift indicated by red arrow). After eclipse only the blueshifted
TiO signal from the terminator at the west limb is visible (shift indicated by blue arrow).

uncertainties of the parameters. The parameters of global circulation could probably be retrieved

from a more comprehensive model of the atmosphere along with observations with higher S/N.

Our toy model also predicts that the TiO signal weakens at orbital phases close to the eclipse
as the TiO-depleted hot spot faces toward the observer. This prediction is consistent with the
observed results. We found the strongest TiO peak in the S/N map when excluding the orbital
phases between 0.37 and 0.60 (Fig. 2.17). This indicates that the spectra inside this phase range
probably carry a very weak TiO signal that is below the noise level. On the other hand, Fe is not
depleted in the hot spot region but distributed more homogeneously over the planetary dayside. We
emphasize that the suggested scenario of a TiO-free hot spot is consistent with our choice of using
two different T-p profiles. We assumed atmospheric profiles with a higher temperature for Fe and
a moderate temperature for TiO. Each profile may describe the average thermal conditions for the
specific species. To verify this hypothesis, we reassessed the detection strengths by exchanging
the two temperature profiles used to calculate the TiO and Fe model spectra. The coordinates of
the S/N peaks do not change significantly (cf. Fig. 2.18). This indicates that the detection peaks
are mainly caused by the presence of a thermal inversion layer. However, the detection strengths
are lower than the results in Sects. 2.6.1 and 2.6.2, which is an additional hint toward TiO emission

at moderate thermal conditions and Fe emission at higher temperatures.

2.6.4. Comparison of line profiles

We also assessed the width of the detected significance peaks by fitting a Gaussian function to
the signals (Fig. 2.15). We found FWHM values of the Fe signal equal to 8.6 + 1.0kms~! and

47



2. Detection of Fe and evidence for TiO in the dayside emission spectrum of WASP-33b

6.7 + 0.8 kms~! for CARMENES and HARPS-N, respectively. The FWHM of the TiO signal is

equal to 4.0 + 0.7km s~!. The results are summarized in Table 2.3.

The CCF of Fe is significantly broader than that of TiO (cf. Figs. 2.6 and 2.15 for comparison;
FWHM values in Table 2.3). This indicates that the line width of Fe is larger when compared to
the TiO lines. Therefore, we suggest that the two chemical species experience a different level
of rotational broadening, with Fe being affected more strongly than TiO. The narrow TiO line
profile can be explained by the presence of the TiO-depleted hot spot, which produces a localized
TiO concentration and a less rotational-broadened line profile. We checked this assumption by
simulating two cross-correlation functions: the auto-correlation of the non-broadened TiO model
spectrum; the cross-correlation between the non-broadened Fe model and a rotationally broadened
Fe model, assuming a tidally locked rotational velocity (i.e., 7kms~! at the equator). The widths
of the simulated CCFs are close to the widths of the observed CCFs (Fig. 2.19), indicating that the
profile of the Fe lines is more strongly rotationally broadened than the profile of the TiO lines.

2.6.5. Comparison with previous work

In contrast to the results of this work and previous studies (Haynes et al. 2015; Nugroho et al.
2017), arecent investigation by Herman et al. (2020) does not report a significant detection of TiO
in the atmosphere of WASP-33b. Their measurements with ESPaDOnS at the Canada-France-
Hawai’i telescope (CFHT) are comparable to our data, as the authors use a cumulative expo-
sure time equivalent to ~ 1.4 times of our observation with CARMENES. At K, ~250km s~!and
Usys ~ 0 km s~!in their Fig. 4 a weak pattern is visible, which resembles the peak region in the S/N
map from our work (cf. left panel in Fig. 2.6). The orientation of the weak pattern (from upper
left to lower right in their Fig. 4) indicates that most of the contribution to this feature is from the

observations before the eclipse.

The authors use the Plez’12 (Plez 2012) database to compute the TiO model spectrum instead
of the more precise ToTo ExoMol (McKemmish et al. 2019). Thus, we analyzed the data from
Herman et al. (2020) to investigate whether the weak signature at K, ~ 250 km s! is caused by a
real TiO signal or by line list dependent effects (Merritt et al. 2020). We downloaded the spectra
from the CFHT archive and applied the same data reduction procedures as for the CARMENES
and HARPS-N spectra. We used the ToTo ExoMol TiO model spectrum (as in Fig. 2.3) to per-
form the cross-correlation. Our re-analyzed ESPaDOnS result shows a weak TiO signature with
S /N ~3, which is similar to the weak pattern in Fig. 4 of Herman et al. (2020). The obtained
S/N map of TiO is presented in Fig. 2.20. This weak feature is located close to our TiO detection
with CARMENES. Therefore, this ESPaDOnS feature could be a real signature of TiO. However,
the TiO signature in the ESPaDOnS spectra appears to be absent after the eclipse in contrast to
the CARMENES observation. This could be due to the existence of temporal variability in global

circulation (Komacek & Showman 2020).
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Figure 2.10.: S/N maps of Fe for ESPaDOnS (left panel) and a combination of all instruments (CARMENES, HARPS-
N and ESPaDOnS; right panel). The detection significance peaks in both cases at K, =225.0kms™" and Av=0.0kms™!
with a S/N value of 6.2 and 7.3, respectively. The peak coordinates in the S/N maps are indicated by the yellow dash-
dotted lines; cross-sections of the S/N peaks are reported in the horizontal and vertical panels.

Very recently, Serindag et al. (2021) reassessed the TiO observation from Nugroho et al. (2017),
but did not confirm the results from this previous study. In line with Serindag et al. (2021), we used
the same line list ToTo ExoMol and adopted a similar approach by assuming a common optimal
number of SYSREM iterations. They find a significant TiO detection with a K, that is similar to our
value, but different from the value published by Nugroho et al. (2017). In contrast, we identified
the molecular signature at a Av that is consistent with the planetary rest frame. We assumed the
presence of a TiO-depleted hot spot to explain the K, deviation of the detection peak, a hypothesis
that has to be confirmed in future studies. Otherwise, we cannot exclude the presence of a spurious
signal. This aspect is also discussed by Serindag et al. (2021), who suggest that previous claims of
TiO may be false positives. The contradicting results of different studies on TiO in the atmosphere
of WASP-33b (Haynes et al. 2015; Nugroho et al. 2017; Herman et al. 2020) highlight the critical
role of accurate line lists and the potential need of different data reduction techniques and spectral

models in further investigations.

2.6.6. Additional analysis of the Fe signal

In addition to TiO, we also searched for Fe features in the ESPaDOnS data. We applied the
same reduction procedures as described in Sects. 2.4 and 2.5. The velocity steps were set to
1.8kms™!, which corresponds to the mean pixel spacing of the instrument. The signature of Fe is
clearly detected with a peak S/N of 6.2 after nine SYSREM iterations (Fig. 2.10). The signal is lo-
cated at K, = 225.02:(5) kms™! and Av= 0.0fgg kms~!, which is in agreement with the results from
CARMENES and HARPS-N. The FWHM of the peak CCF is measured as 11.1 + 1.1kms™'.
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Table 2.3.: Summary of results.

Instrument  S/N K, (kms™') Av(kms™!') FWHM (kms™)

Tio

CARMENES 49  248.0%7% 0.0*3¢ 4.0+0.7
HARPS-N no significant detection

ESPaDOnS no significant detection

Fe

CARMENES 57  228.0%33 1.3439 8.6+1.0
HARPS-N 45 225020  -0.8%3 6.7+0.8
ESPaDOnS 62  225.0%33 0.0*3¢ 11.1+1.1
Combined 73 225.0%30 0.03¢ 92+0.7

We further calculated a combined S/N map of Fe using the data from all three instruments (CAR-
MENES, HARPS-N, ESPaDOns). For this purpose, we used a common velocity step equal to
1.3kms™!'. We firstly merged the CCFs of all the spectra and then computed the S/N map fol-
lowing the description in Sect. 2.5.4. The final combined S/N map is presented in the right panel
of Fig. 2.10. The resulting detection peak with §/N =7.3 is located at K, =225 .Of‘;g kms~! and
Av= 0.03:2 kms~!. The measured FWHM of the combined Fe peak CCF is 9.2 + 0.7 kms~!.

2.7. Conclusions

We observed the dayside of WASP-33b at high spectral resolution with the CARMENES and
HARPS-N spectrographs. By using the cross-correlation technique, we detected Fe and found
strong evidence for the presence of TiO. Both species show emission spectra, which confirms the
presence of a temperature inversion claimed by prior studies (Haynes et al. 2015; Nugroho et al.
2017, 2020a). For TiO, we found the signal peak at K, = 248.03:(5) km s~!, which deviates from the
literature value by +17 km s~! (Kovécs et al. 2013; Lehmann et al. 2015; Nugroho et al. 2020a).
In contrast, we detected Fe at K, = 225.05‘:2 kms~!, which is consistent with the literature values.
The observed CCF of Fe is broader than that of TiO, indicating that the Fe lines are broader than
the TiO lines.

We hypothesize that a TiO-depleted hot spot is present in the atmosphere of WASP-33b. Since TiO
is suggested to be thermally dissociated in the hot spot region, we suppose that the observed TiO
signal originates from locations close to the terminators. Our toy model suggests that this could
lead to the observed deviation of K, from the literature value. Such a scenario is also supported by
the observed narrow line profile of TiO. Because TiO may be restricted to regions outside the hot
spot while a homogeneous Fe distribution is expected in the dayside hemisphere, the TiO lines are

less broadened by the planetary rotation compared to the Fe lines.
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2.8. Appendix A) Validation of the TiO line list

Although temperature inversions have been detected in a number of UHIJs, the underlying for-
mation mechanisms are still a matter of discussion. Our results suggest that atomic species and
metal oxides are both involved in the heating mechanism, which is required to maintain a thermal
inversion layer. Observations with higher S/N and the inclusion of 3D atmospheric structure into
spectral modeling will be beneficial for further advances in exploring the atmospheres of extremely

irradiated planets.

2.8. Appendix A) Validation of the TiO line list
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Figure 2.11.: CCFs between the TiO transmission model and the high-resolution spectrum of Barnard’s star for
CARMENES. The x-axis represents the radial velocity offset from the stellar rest frame; the y-axis measures the CCF
in units of standard deviation. The yellow and green shaded panels indicate the spectral orders with a CCF peak greater
than three and five standard deviations, respectively. Red shaded panels represent spectral orders not showing any cor-
relation.
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Figure 2.12.: Same as Fig. 2.11, but for wavelength segments (cf. Sect. 2.4.1) of HARPS-N.

We assessed the quality of the ToTo ExolMol line list via comparison of the line positions with
the spectrum of Barnard’s star (Reiners et al. 2018) that is dominated by TiO absorption fea-
tures. The TiO transmission model spectrum was computed with petitRADTRANS by using the
VMR and T-p profile from Sect. 2.5.1. The analysis covered both the CARMENES VIS channel
and HARPS-N wavelength ranges. We convolved the transmission model spectrum with the in-

strument profiles and removed large-scale features with a Gaussian high-pass filter (25 pixels for
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CARMENES; 75 pixels for HARPS-N). The filter was also applied to the high-resolution spec-
trum of Barnard’s star. We then computed the CCF between the spectrum and the transmission
model. The considered Doppler-shifts relative to the stellar rest frame were between —80.6 km s~!
and +80.6kms~! in steps of 1.3kms~! for CARMENES. We applied Doppler-shifts between
-80.0kms~! and +80.0kms™! in steps of 0.8 kms~! in the HARPS-N analysis. The line list was
assumed to be accurate if a prominent CCF peak (> 30) was present at the systemic velocity of

Barnard’s star.

We found prominent cross-correlation signals for most of the spectral orders, except for CARME-
NES spectral orders [16:18, 22, 52:56] and HARPS-N spectral orders (segments) [1:9, 11:13, 29,
42,47:51, 55, 56]. This is consistent with the line list analysis from McKemmish et al. (2019) and
shows the improved precision of ToTo ExolMol at wavelengths shorter than 6000 Ain comparison
to the line list Plez’98 (Plez 1998; Hoeijmakers et al. 2015). An order-wise plot of the CCF is
given in Figs. 2.11 and 2.12 for CARMENES and HARPS-N, respectively. Spectral orders at
wavelengths with a poor line list were not considered in the TiO analysis.

2.9. Appendix B) Injection-recovery test

After scaling the TiO model spectrum from Sect. 2.5.1 by a factor of 3, we convolved it with
the respective instrument profiles of CARMENES and HARPS-N. We then shifted the convolved
model spectrum with the planetary orbital RV and injected the model spectrum into the raw spec-
tra (1D spectra from the instrument pipelines). The raw spectra with the injected model were
subsequently processed in the same way as described in Sect. 2.4 and cross-correlated with the
convolved TiO model spectrum in Fig. 2.3. This resulted in a cross-correlation matrix (ﬁinj) for

each observation and spectral order.

We computed a S/N map for all ﬁmjs and identified the spectral orders that allowed us to
recover the injected model spectrum (good orders). We assumed that only these spectral orders
will give a contribution to the detection of the real planetary signature. In contrast, we assumed that
spectral orders with no recovery of the injected model spectrum (bad orders) will not contribute
to the detection of the real planetary signature. The following metric was applied to discriminate
between good and bad orders. Good orders were supposed to detect the injected model spectrum
(S/N >3 at the injected K, and Av position) at least for one specific number of SYSREN iterations
in the S/N map. Bad orders were supposed to not show a significant detection of the injected

model spectrum (S /N < 3).

As a result, we found that the spectral orders number [1:20, 22, 24, 50, 51, 54:56] will not con-
tribute to the detection of TiO in the CARMENES observation. For HARPS-N we recovered the
injected model spectrum only in one order (segment) out of 69, that is order number 26. This
suggests that the TiO signal will not be detectable with the HARPS-N data even if present in the

data. The recovered detection strengths are shown for each spectral order in Figs. 2.13 and 2.14.
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Figure 2.13.: Strength of the injected TiO model spectrum. The x-axis represents the number of consecutive SYSREM
iterations; the y-axis measures the S/N detection strength of the injected model spectrum. Each panel is labeled with the
number of the corresponding spectral order. Data points marked with green stars correspond to a detection, red circles
to a nondetection of the injected model. The horizontal gray line corresponds to S /N =3. We consider a spectral order
to be good, if the injected model spectrum is detected at S /N >3 for at least one specific number of SYSREM iterations.
Spectral orders shaded with green are considered to be good orders, orders shaded with red to be bad orders. Although
we got detections of the injected model in orders 50 and 51, we observed a strong enhancement of noise the in the final
S/N detection map if we included them (cf. Sect. 2.5.4). We concluded that these orders have an increased noise level

1 3 5 7 9

1 3 5 7 9

# SYSREM iterations

and excluded them from the list of good orders.
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Figure 2.14.: Same as Fig. 2.13, but for wavelength segments (cf. Sect. 2.4.1) of HARPS-N. We retrieved the injected
model planet spectrum only in one segment.
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2.10. Appendix C) Additional figures
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Figure 2.15.: Comparison between the CCF widths of the detection peaks of TiO and Fe. The Fe signal is broader when
compared to TiO. The observed CCFs are represented by the gray circles. The Gaussian fit functions are presented
by the thick solid lines with different colors denoting different instruments. Red: CARMENES; green: HARPS-N;
blue: ESPaDOnS; black: combined signal of CARMENES, HARPS-N, and ESPaDOnS.
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Figure 2.16.: S/N maps of Fe obtained by using a non-inverted 7 -p profile for cross-correlation (Nugroho et al. 2017).
Panel a: anticorrelation signal of Fe in the CARMENES data (S /N = —4.3); panel b: anticorrelation with the HARPS-N
data (S /N = —4.6). The coordinates of the negative S/N peaks are indicated by the yellow dash-dotted lines. The cross-
sections of the negative S/N peaks are reported in the horizontal and vertical panels. Each S/N map corresponds to the
SYSREN iteration number that maximizes the detection strength in Sects. 2.6.1 and 2.6.2.
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Figure 2.17.: Map of TiO S/N detection significance when excluding different orbital phase ranges around the sec-
ondary eclipse (measured at K, =248.0kms™' and Av=0.0kms™"). The values on the x- and y-axis show the bound-
aries of the excluded phase intervals. The signal of TiO peaks when the orbital phase interval between ~ 0.37 and ~ 0.60
is excluded. The corresponding phase values are indicated with a red star. We checked the exclusion of all possible
orbital phase intervals. Phase ranges that are entirely inside eclipse were not considered (between roughly 0.45 and
0.55).
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Figure 2.18.: S/N maps obtained by exchanging the T-p profiles of TiO and Fe to compute the model spectra for cross-
correlation. All detection strengths are lower than those found in Sects. 2.6.1 and 2.6.2. Panel a corresponds to the
TiO signal observed with CARMENES (S /N =4.6); panel b: Fe detection with CARMENES (S /N = 3.8); panel c: Fe
detection with HARPS-N (S /N =4.1). The horizontal panels show the cross-sections of the S/N peaks. Each S/N map
corresponds to the SYSREM iteration number that maximizes the detection strength in Sects. 2.6.1 and 2.6.2.
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2. Detection of Fe and evidence for TiO in the dayside emission spectrum of WASP-33b
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Figure 2.19.: Auto-correlation of the TiO model spectrum (left panel) and cross-correlation between the Fe model
spectrum and a rotationally broadened version of itself (v, =7kms™'; right panel). For comparison, we plot the
observed CCFs from the CARMENES observations in gray lines. The auto-correlation of the TiO model spectrum has
a width of 5.4kms~!. This is close to the FWHM value of the observed CCF (4.0 + 0.7kms™"). Also the FWHM of
the cross-correlation with the broadened Fe model spectrum is close to the value of the observed CCF (10.5km s~ and
8.6 + 1.0kms™!, respectively).
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Figure 2.20.: S/N maps of TiO from the ESPaDOnS observations. Panel a represents the S/N map of all spectra;
panel b: S/N map of the pre-eclipse TiO signature. The expected orbital parameters are indicated with the yellow star.
A weak TiO signal is located close to the orbital parameters found with CARMENES, which is indicated with a red
star. Only the spectra before eclipse contribute to the signal. The x-axis is presented in the systemic rest frame (vgy,) in
order to be consistent with Herman et al. (2020).
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3. Silicon in the dayside atmospheres of two
ultra-hot Jupiters

This chapter was published as the peer-reviewed article “Silicon in the dayside atmospheres of two
ultra-hot Jupiters” (Credit: Cont et al., A&A, 657, L2, 2022, reproduced with permission ©ESO).
The article was co-authored by F. Yan, A. Reiners, L. Nortmann, K. Molaverdikhani, E. Pallé,
M. Stangret, Th. Henning, I. Ribas, A. Quirrenbach, J. A. Caballero, M. R. Zapatero Osorio,
P. J. Amado, J. Aceituno, N. Casasayas-Barris, S. Czesla, A. Kaminski, M. Lépez-Puertas, D.
Montes, J. C. Morales, G. Morello, E. Nagel, A. Sanchez-Lépez, E. Sedaghati, and M. Zechmeister.
D. Cont conducted the data reduction, the cross-correlation analysis, and the null detection test.
F. Yan conducted the observations of the two investigated exoplanets and contributed to the calcu-
lation of the volume mixing ratios. K. Molaverdikhani computed the high-resolution opacity data,
which were used to generate the model spectra for cross-correlation. The other co-authors con-
tributed to the interpretation of the results and provided comments to the manuscript. The layout

of selected figures and tables has been slightly adapted for this thesis.

3.1. Abstract

Atmospheres of highly irradiated gas giant planets host a large variety of atomic and ionic species.
Here we observe the thermal emission spectra of the two ultra-hot Jupiters WASP-33b and KELT-
20b/MASCARA-2b in the near-infrared wavelength range with CARMENES. Via high-resolution
Doppler spectroscopy, we searched for neutral silicon (Si) in their dayside atmospheres. We detect
the Si spectral signature of both planets via cross-correlation with model spectra. Detection levels
of 4.80 and 5.40, respectively, are observed when assuming a solar atmospheric composition. This
is the first detection of Si in exoplanet atmospheres. The presence of Si is an important finding
due to its fundamental role in cloud formation and, hence, for the planetary energy balance. Since
the spectral lines are detected in emission, our results also confirm the presence of an inverted

temperature profile in the dayside atmospheres of both planets.
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3.2. Introduction

Ultra-hot Jupiters (UHJs) are highly irradiated gas giant planets with equilibrium temperatures
(Teq) close to the stellar regime (Teq > 2200 K; Parmentier et al. 2018). Planets in this regime are
expected to be tidally locked to their host stars, given enough time for tidal forces to synchronize
the rotation of the planet to its orbital motion. The extreme thermal conditions in combination
with permanent day- and nightsides allow the existence of a large variety of chemical species. In
the dayside atmospheres of UHJs, most of the molecules are expected to be dissociated, leading
to the presence of atomic and ionic species (e.g., Lothringer et al. 2018; Arcangeli et al. 2018;
Kitzmann et al. 2018). Molecules should be widely present in atmospheric regions other than the
dayside, spanning from diatomic molecules at the terminators to more complex compounds on the
planetary nightsides (Helling et al. 2019). To date, various chemical species have been detected
in the transmission or emission spectra of UHJs. This includes atomic hydrogen and metals such
as Ca, Cr, Fe, Mg, Mn, Na, Ti, Sc, V, and Y (e.g., Fossati et al. 2010; Jensen et al. 2018; Yan &
Henning 2018; Casasayas-Barris et al. 2018, 2019; Hoeijmakers et al. 2018, 2019, 2020a; Sing
etal. 2019; Cauley et al. 2019, 2021; Stangret et al. 2020; Nugroho et al. 2020a,b; Ben-Yami et al.
2020; Borsa et al. 2021a; Tabernero et al. 2021; Yan et al. 2021, 2022b) and molecules such as
H,O and OH! (e.g., Huitson et al. 2013; Edwards et al. 2020; Tsiaras et al. 2018; Mikal-Evans
et al. 2020; Nugroho et al. 2021).

Inverted temperature-pressure (7-p) profiles have been measured in a number of UHJ atmospheres
(e.g., Haynes et al. 2015; Evans et al. 2017; Sheppard et al. 2017; Arcangeli et al. 2018; Kreidberg
et al. 2018; Mansfield et al. 2018; Nugroho et al. 2020a; Yan et al. 2020). The presence of these
so-called temperature inversions (i.e., temperature increasing with altitude) was initially explained
via strong absorption of the incoming stellar radiation by TiO and VO (Hubeny et al. 2003; Fortney
et al. 2008). However, the presence of TiO is under debate due to the conflicting results of different
studies (Evans et al. 2016; Nugroho et al. 2017; Herman et al. 2020; Edwards et al. 2020; Serindag
etal. 2021; Cont et al. 2021). Besides, the search for VO remains elusive at high spectral resolution
(Merritt et al. 2020). On the other hand, as various atoms and ions have been discovered in UHJs
with an inverted atmosphere, atomic species have become promising candidates for causing and

maintaining temperature inversions (Lothringer et al. 2018; Hoeijmakers et al. 2020b).

Theoretical simulations predict the presence of Si in the atmospheres of UHJs. Atomic Si is
expected in planetary daysides, while Si-bearing molecules (e.g., SiO) should be prominent on the
nightsides and in the terminator regions (Helling et al. 2019). Si is suggested to play a key role in
cloud formation, which strongly impacts the atmospheric energy budget (Gao et al. 2020; Gao &
Powell 2021). The abundance of Si is expected to be close to that of Fe for a solar atmospheric

composition (Fossati et al. 2021).

! For a more complete list of detections, we refer the reader to the Exoplanet Atmospheres Database available
athttp://research.iac.es/proyecto/exoatmospheres/.
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Figure 3.1.: Schematic of emission spectroscopy observations. The orbital phase coverage of WASP-33b is shown in
the top panel (night of 15 November 2017) and that of KELT-20b in the bottom panel (before 21 May 2020 and after 9
July 2020). The orbital motion direction is indicated by the arrows.

Hints for atmospheric Si 1 absorption in the 1206.5 A resonance line were found via transmission
spectroscopy in HD 209458b (Linsky et al. 2010). However, Ballester & Ben-Jaftel (2015) later
disproved this detection by identifying stellar flux variations as the cause for a false positive signal
in the data. In addition to this specific spectral line, Fossati et al. (2021) proposed investigating
the spectral features of Si 1 around 1530 A as a further way of searching for this atomic species
in planetary atmospheres. Hoeijmakers et al. (2019) searched for Si in KELT-9b via transmission
spectroscopy at high spectral resolution but did not detect it. This non-detection is probably due to
a low concentration of neutral Si in the atmosphere of KELT-9b that is, in turn, due to the strong
ionization of the species. Ionized Si should be present, but its spectral signature is expected to be

featureless in the investigated wavelength range.

In this Letter we report the first detection of neutral Si in exoplanet atmospheres. We detected Si 1
emission lines in the dayside atmospheres of WASP-33b and KELT-20b/MASCARA-2b via high-
resolution emission spectroscopy in the near-infrared. WASP-33b (Collier Cameron et al. 2010)
orbits an A-type star with 6 Scuti pulsations (Herrero et al. 2011). With Teq ~2700K, it is the
second hottest planet known to date, showing a temperature inversion in its dayside atmosphere
(Haynes et al. 2015). The spectral features of Ca 11, Fe 1, OH, TiO, and the hydrogen Balmer lines
have been found at high spectral resolution (Nugroho et al. 2017, 2020a, 2021; Yan et al. 2019,
2021; Cauley et al. 2021; Borsa et al. 2021c; Cont et al. 2021), and AlO and FeH were tentatively
detected (von Essen et al. 2019; Kesseli et al. 2020). KELT-20b/MASCARA-2b (Lund et al. 2017;
Talens et al. 2018) is a UHJ with Tq ~2300K that orbits an A-type star without pulsations. A

number of metals, such as Ca, Cr, Fe, Na, and Mg, were found in the planetary transmission
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3. Silicon in the dayside atmospheres of two ultra-hot Jupiters

Table 3.1.: Observation log.

) Observing Airmass Phase Exposure
Object Date . . spectra
time (UT) change coverage time (s)
WASP-33b  2017-11-15 18:13-04:04 1.74-1.00-1.95 0.29-0.63 300 88 (@
KELT-20b  2020-05-21 23:05-03:07 1.87-1.02 0.41-0.46 125 85
KELT-20b  2020-07-09 23:00-03:05 1.07-1.01-1.17 0.51-0.56 125 85

Notes. @ Total number of spectra is 105; 17 spectra with insufficient quality were removed.

spectrum (Casasayas-Barris et al. 2018, 2019; Hoeijmakers et al. 2020a; Stangret et al. 2020;
Nugroho et al. 2020b; Rainer et al. 2021). Recently, Yan et al. (2022b) used the spectral emission
lines of Fe 1to retrieve the atmospheric temperature profile, claiming the presence of a temperature
inversion on the planetary dayside. The parameters of both planetary systems are summarized in
Table 3.3.

3.3. Observations and data reduction

We observed the two planets over a total of three nights with the CARMENES (Calar Alto high-
Resolution search for M dwarfs with Exoearths with Near-infrared and optical Echelle Spectro-
graphs) spectrograph at the Calar Alto Observatory (Quirrenbach et al. 2014, 2020). The observa-
tion of WASP-33b took place on 15 November 2017, and KELT-20b was observed on two nights,
21 May 2020 and 9 July 2020 (see Fig. 3.1). To investigate the dayside atmospheres, we observed
at orbital phases close to the secondary eclipse. These observations have already been utilized
in previous studies (Cont et al. 2021; Yan et al. 2022b) to retrieve the Fe emission spectrum in
the visible channel (5200-9600 A; R~94 600). In this work we analyze the data collected with
the near-infrared channel (9600—17 100 A; R ~ 80 400), for which the Si signal is expected to be
stronger (see the model spectra with solar Si abundance in Sect. 3.4.1). For seven WASP-33b spec-
tra, the star was not centered on the fiber, and for three spectra the flux dropped due to a passing
cloud. For another seven spectra, the elevation of the target was too low (airmass > 2) to get a use-
ful amount of flux in the near-infrared channel. Hence, we removed a total of 17 spectra from the
WASP-33b observations. The targets were observed with fiber A, and fiber B was used to record

the sky background. Details of the observations are given in the observation log in Table 3.1.

We used the reduction pipeline caracal v2.20 (Zechmeister et al. 2014; Caballero et al. 2016)
to extract the order-by-order” one-dimensional spectra and the corresponding uncertainties from

2 In the near-infrared channel, two detectors are located along the dispersion direction. The resulting spectra are
therefore split into half-orders. For simplicity, we use the term “spectral order” to describe these “half-orders” in
the following text.
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the raw frames. The data of each night were reduced separately. We excluded the spectra from
the echelle orders 4543 due to an insufficient flux level. These orders correspond to the water
absorption band around 1.4 um, for which the Earth’s atmosphere is almost entirely opaque. For
each spectral order, we arranged the spectra chronologically to obtain the two-dimensional spectral
matrix (Fig. 3.4a). To account for the variable continuum level, we fitted the individual spectra
with a second-order polynomial and normalized them with the fit function. Wavelength ranges
with strong emission lines in fiber B were excluded from the second-order polynomial fit. The
outliers were removed by applying 5o clipping to the time evolution of each pixel. We masked
the wavelength bins with flux below 20 % of the continuum level (Fig. 3.4b).

To remove the telluric and stellar lines from the spectra, we used the detrending algorithm SYSREM
(Tamuz et al. 2005). We passed the normalized spectral matrix and the corresponding uncertainties
as an input to the algorithm (details in Sect. 3.8). The uncertainties were computed via error
propagation. We ran SYSREM for ten consecutive times, resulting in a residual spectral matrix for
each iteration. If present in the data, the signature of the planetary atmosphere is buried in the

noise of the residual spectra (Fig. 3.4c).

3.4. Method

3.4.1. Model spectra

The model atmosphere of each planet was divided into 61 layers, evenly spaced on a logarithmic
pressure scale from 1 to 107 bar. For WASP-33b, we adopted the T-p profile of WASP-189b
from Yan et al. (2020), which was retrieved via the Fe 1 emission spectrum and by assuming
a solar metallicity. This choice is motivated by the physical similarities between the two planets.
The profile was also successfully used in a prior work to detect the Fe 1 signature in the atmosphere
of WASP-33b (Cont et al. 2021). For KELT-20b, we took the T-p profile from a joint retrieval
of CARMENES and TESS (Transiting Exoplanet Survey Satellite) by Yan et al. (2022b). We
deployed easyCHEM (Molliere et al. 2017) to compute the volume mixing ratio (VMR) and the
mean molecular weight of each atmospheric layer. To this end, we assumed equilibrium chemistry,
at five different values of metallicity [M/H] between —2 dex and +2dex in steps of 1dex. We
assumed that all metals vary with overall metallicity and, hence, [Si/H] = [M/H]. Figure 3.2 shows
that under the assumption of equilibrium chemistry, neutral Si is most abundant at the location
of the thermal inversion layers. Deeper in the atmospheres, SiO accounts for the majority of Si

inventory. At higher altitudes, the VMR of the species decreases due to ionization.

We used the radiative transfer code petitRADTRANS (Molliere et al. 2019) to generate the model
spectra. The continuum opacity of H™ was not taken into account, as it was found to only insignif-
icantly affect the resulting model spectra (see Fig. 3.5). The Si opacities for the radiative transfer
calculation were computed from the Kurucz line database (Kurucz 2018). For each planet, this

resulted in five model emission spectra with different Si abundances (see Figs. 3.6 and 3.7).
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Figure 3.2.: Emission model spectra (left panels) for WASP-33b (W33, blue) and KELT-20b (K20, red) and their
corresponding VMRS of Si and SiO (middle panel) and T-p profiles (right panel). We assumed equilibrium chemistry

and [Si/H] =0 to generate the presented model spectra (for sub- and super-solar metallicity values, see Figs. 3.6 and
3.7).

We computed the planet-to-star flux ratio of each model spectrum by dividing by the blackbody
spectrum of the respective host star. As the reduced spectra were normalized, we also normalized
the model spectra to the continuum. After convolving with the instrumental profile, we obtained

the final emission model spectra for cross-correlation. The model spectra with [Si/H] =0 are
shown in Fig. 3.2.

3.4.2. Cross-correlation

The model spectra in Sect. 3.4.1 predict a planet-to-star flux ratio on the order of 10~3 or lower.
Hence, the planetary signal is dominated by noise in the SYSREM reduced spectra. We applied
the cross-correlation method to extract the emission signature of the planetary atmosphere (e.g.,
Snellen et al. 2010; Brogi et al. 2012; Alonso-Floriano et al. 2019; Sanchez-Lépez et al. 2019).
This technique maps the planetary emission lines onto a single peak, enabling the identification

of the species in the planetary signal. We performed the cross-correlation analysis for each of the
model spectra with different Si abundance separately.

The model spectrum was shifted over a radial velocity (RV) range from —520 km s~! to +520 km s™!
with steps of 1 kms~!. At each step, we multiplied the shifted model spectrum with the uncertainty-

weighted residual spectra. As a result, we obtained the weighted cross-correlation function (CCF),
defined as

CCF = Z rm(v), 3.1
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for each observed spectrum and echelle order (Gibson et al. 2020). We denote with r; the residual
spectra weighted by the inverse of the squared uncertainties; m; is the model spectrum shifted
by v in the RV space. For each echelle order the CCFs were stacked into an individual array.
Subsequently, we co-added the arrays from different echelle orders, leading to the final CCF map
for each spectral model and observation night. Finally, we merged the CCF maps of the two
KELT-20b observations.

The stellar line profile of WASP-33 undergoes time-dependent variations due to the pulsations of
the star (Herrero et al. 2011). Lines of neutral Si are also present in the stellar spectrum and, con-
sequently, not efficiently removed by SYSREM. This causes the pulsations of the star to appear as
artifacts in the CCF map (Nugroho et al. 2020a; Cont et al. 2021). To exclude potential spurious
signals from the pulsations of WASP-33, we masked the RV range between +uv; sin i, (i.e., be-
tween —87 kms~! and +87 km s™!) in the stellar rest frame (Cont et al. 2021). In contrast, KELT-20
has no pulsations, which results in an efficient stellar line removal by SYSREM. No masking was
therefore required in the CCF map of KELT-20b.

For each planet, we aligned the CCF map to the planetary rest frame over a range of different

orbital velocity semi-amplitudes (K,). We assumed a circular orbit with a planetary RV of
Up = Usys + Upary + Kp sin 27r¢p + Av 3.2)

for shifting the CCF map, with vy the systemic velocity, vpary the barycentric velocity of the
observer, Av the velocity deviation from the planetary rest frame, and ¢ the orbital phase. For each
value of K,, we collapsed the CCF map into a one-dimensional CCF by calculating the mean value
over all orbital phases. The CCFs from different K, values were stacked in a two-dimensional
array, which was further normalized by its standard deviation (excluding the region around the
strongest signal peak). This resulted in a signal-to-noise mapping of the detection significance

(S/N map), which enabled us to assess the presence of Si in the planetary atmospheres.

3.5. Results and discussion

We detected the spectral signature of neutral Si in the dayside atmospheres of the two exoplanets
WASP-33b and KELT-20b. At SYSREM iterations higher than one and for all tested metallicity val-
ues ([Si/H] between —2 dex and +2 dex in steps of 1 dex; see Sect. 3.4.1), the signal is identified in
the S/N maps. For each planet, the strongest signal was found assuming an atmosphere with a solar
Si abundance. The respective S/N maps are shown in Fig. 3.3. For non-solar Si abundances, the
detection peaks are less prominent. We show the S/N maps for non-solar abundances in Figs. 3.8
and 3.9. The evolution of the S/N with increasing SYSREN iterations is plotted in Fig. 3.10 and
Fig. 3.11 shows the aligned planetary trails together with the profile of the detection peaks. In
Sect. 3.10, we also show that our implementation of the cross-correlation technique does not lead

to significant detection peaks when an inappropriate model spectrum is used.
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Figure 3.3.: S/N detection maps of neutral Si for WASP-33b (left panel) and KELT-20b (right panel). The signal of
WASP-33b peaks with a S/N of 4.8 after three consecutive SYSREM iterations. For KELT-20b, we achieve the highest
significance at S /N =5.4 after four iterations. We indicate the peak coordinates by the yellow dash-dotted lines. The
horizontal and vertical panels correspond to the cross sections of the S/N peaks.

For WASP-33b, we found the most significant detection after three SYSREM iterations at S /N =4.8.
The peak is located at K, =226.0*3, kms™!, which is close to the expected Kj, of 231 £ 3kms™!
calculated from the orbital parameters of the planet (Kovacs et al. 2013; Lehmann et al. 2015). For
Av we find a small value of —1.0* }l%o kms~!, which is consistent with zero. The K, of our detection
is slightly lower than the expected value, a trend that has also been found in prior studies of Fe
(Nugroho et al. 2020a; Cont et al. 2021). We also detected the spectral signature of neutral Si in the
atmosphere of KELT-20b. The strongest signal was found after four consecutive SYSREM iterations
with a S/N of 5.4 at K, = 173.0fg:(5) kms™! and Av= 2.03:8 kms~!. This result agrees with the K,
values of 173.4* 18 kms™" and 169.3*37 kms™! calculated from the system parameters of Talens
et al. (2018) and Lund et al. (2017), respectively. The small value of Av is also consistent with

zero. All results are summarized in Table 3.2.

We also investigated whether the spectral lines of Si are affected by rotational broadening. For
each planet, we simulated two CCFs: the auto-correlation of the non-broadened model spectrum
and the cross-correlation between the non-broadened model and a rotationally broadened model.
We assumed a tidally locked rotation, corresponding to rotation velocities of 7kms~! and 3 kms~!
at the equators of WASP-33b and KELT-20b, respectively. Figure 3.11 compares the profile of the
measured CCF peaks with the simulated detection peaks. For WASP-33b, the observed CCF is
best reproduced when no rotation is assumed, which hints toward a localized distribution of Si
in the planetary atmosphere. However, for KELT-20b, the difference between the broadened and
non-broadened simulations is marginal, and both of them are consistent with the observed CCEF,
which indicates that the rotational broadening probably makes a negligible contribution to the total

line profile.
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Table 3.2.: Summary of results.

Object S/N K, (kms™) Av(kms™)

5.0 10.0
WASP-33b 4.8 2260730, -1.071%

6.5 2.0
KELT-20b 54  173.0°¢5  2.0%29

We detected the spectral lines of the species in emission, which confirms the presence of thermal
inversion layers in the dayside atmospheres of WASP-33b (Nugroho et al. 2017, 2020a; Cont et al.
2021) and KELT-20b (Yan et al. 2022b). Together with recent detections of neutral Fe (e.g., Pino
et al. 2020; Yan et al. 2020; Nugroho et al. 2020a; Cont et al. 2021; Kasper et al. 2021), the
presence of neutral Si also strengthens the assumption that atomic species play a key role in the
energy balance of UHJ atmospheres. Due to a comparable ionization potential, we expect similar
VMRs of Si and Fe in the upper atmosphere of UHJs (Fossati et al. 2021). However, the detection
of Si is more challenging than that of Fe because of the smaller number of significant emission

lines.

Although our detections are strongest when assuming a solar Si abundance, there is a degeneracy
between the metallicity and the selected 7-p profiles. Hence, our result of a solar metallicity in
both planets is only valid for the specific T-p profiles that were selected. Considering the model
spectra with [Si/H] =0 in Figs. 3.6 and 3.7, we also conclude that the most prominent Si features
in the planetary spectrum are probably restricted to the wavelength interval 10000—13 000 A and

to a small region around 16 000 A.

We note that in the S/N maps, detection peaks can even be observed at the lowest metallicity values
investigated. This is due to the fact that the cross-correlation technique only takes the strength of
the spectral lines relative to one another into account, not their absolute strength. The information
about the absolute value of the CCFs is removed by the normalization step that is included in the
calculation of the S/N maps (see Sect. 3.4.2). As shown in Figs. 3.6 and 3.7, the model spectra
at [Si/H] <0 have spectral lines with a similar strength relative to one another. Therefore, it is
plausible that the model spectra of sub-solar metallicities cause a similar S/N detection pattern

compared to a solar metallicity despite their weak emission lines.

Neutral Si was not detected in the HARPS-N transmission spectra of KELT-9b (Hoeijmakers et al.
2019). This is not surprising, since Si is probably largely ionized due to the extreme thermal con-
ditions in the atmosphere of this planet. In fact, Fossati et al. (2021) predicted that Si begins to
get ionized at pressures around 1072 bar in the atmosphere of KELT-9b. In addition, the trans-
mission spectrum of ionized Si is expected to be featureless in the investigated wavelength range.
Consequently, for planetary atmospheres with extreme thermal conditions such as KELT-9b, Si
may be difficult to detect. For planets with more moderate thermal conditions, we suggest that
the search for Si could be limited due to Si depletion. In this scenario, most of the Si would be

bound in SiO and other Si-bearing molecules, which can also condense out of the gas phase. We
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therefore posit that the thermal conditions in exoplanet atmospheres may be a crucial constraint

for the search of Si.

Si is supposed to be an important element for cloud formation in exoplanet atmospheres, with sili-
cates dominating the cloud composition over a wide range of planetary equilibrium temperatures.
Our detections of Si in its gaseous phase indicate that the dayside atmospheres of UHJs are hot-
ter than the condensation temperatures of Si-bearing condensates. This is in line with theoretical
work that predicts the presence of silicate clouds primarily on the planetary nightsides (Gao et al.
2020; Gao & Powell 2021).

3.6. Conclusions

We used the CARMENES spectrograph to observe the dayside emission spectra of two UHJs —
WASP-33b and KELT-20b. By using the cross-correlation technique, we detected the signature of
neutral Si in the exoplanet atmospheres. For both planets, the Doppler-shifts of their Si spectra are
consistent with the known orbital motion. We tested model spectra with different Si abundances
and detected the strongest signals when assuming a solar abundance for the planetary atmospheres.
From our Si model spectra, we conclude that the presence of prominent spectral features is prob-
ably restricted to two narrow regions in the near-infrared wavelength range. The spectral lines
of Si were detected in emission, which is unambiguous evidence for the existence of temperature

inversions in the two planetary atmospheres.

In combination with the presence of Fe, reported in prior studies, our detections of Si suggest
that atomic species play a key role in the atmospheric heating process that is necessary to main-
tain a thermal inversion layer. Strong absorption lines of ionized Si should exist in the ultraviolet
transmission spectra of UHJs and may be detectable with the Hubble Space Telescope and the up-
coming World Space Observatory-Ultraviolet. Future observations over a wider wavelength range
will provide further constraints on Si in planetary atmospheres, with the potential of shedding light

on complex processes of cloud formation.
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3.7. Appendix A) Parameters of planetary systems

Table 3.3.: Parameters of the WASP-33 and KELT-20/MASCARA-2 systems used in this work.

Parameter (Unit)

WASP-33b

KELT-20b/MASCARA-2b

Planet
Ry, (Ry) 1.679%0.930 @ 1.83 +£0.07 @
Porp (d) 1.219870897 ¥ 3.4741070 ™
To (d) 2454163.22449 @ 2457503.120049 ™
Vsys (kms™!) -3.02+0.42© —24.48 +0.04 @
Ky (kms™) 231+3@ 1734418 @
169.3%3 @
Tingress (d) 0.0124 + 0.0002 @ 0.01996+0-90080 ()
Tiansic (d) @) 0.1143 + 0.0002 0.14898+0.0000¢ (1
log g (cgs) 3.46 @ <342®
Star
R. (Ro) 1.509*5-:016 (@) 1.60 + 0.06 ¥
Terr (K) 7430 £ 100 ©) 898013, @

Urot Sin i (kms™!)

0.37
86.63703 /)

114+3©

Notes. ) WASP-33b is subject to a rapid orbital precession. The transit chord, transit du-
ration, and ingress duration therefore change with time (Johnson et al. 2015; Watanabe et al.
2020; Cauley et al. 2021). @ ehmann et al. (2015) with parameters from Kovécs et al. (2013),
®) Maciejewski et al. (2018), ) Nugroho et al. (2017), Y Kovics et al. (2013), © Collier
Cameron et al. (2010), ) Johnson et al. (2015), ¥ Talens et al. (2018), ? Lund et al. (2017) -
we assumed a value of log g = 3.0 to compute the model spectra because only an upper limit is
reported, @ Rainer et al. (2021).

3.8. Appendix B) Removal of telluric and stellar lines with SYSREM

SYSREM is a detrending algorithm that was originally designed to remove systematic effects from
transit light curves (Tamuz et al. 2005). In its application to the search for exoplanet atmospheres,
each wavelength bin of the spectral matrix is treated as an individual light curve. The algorithm
models the systematics by iteratively fitting the trend of each wavelength bin as a function of
time. Subsequently, the model is subtracted from the data. Systematic effects can have multiple

causes, such as variations in airmass, atmospheric water vapor along the line of sight, seeing, or

instrumental effects.

We implemented SYSREM following the method described by Gibson et al. (2020), which runs the

algorithm in flux space instead of magnitude space (Tamuz et al. 2005). In a first step, we ran
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Figure 3.4.: Example of data reduction steps for a selected CARMENES wavelength range (observation on 21 May
2020). Panel a shows the unprocessed one-dimensional spectra. Panel b illustrates the spectra after normalization and
outlier correction; the strongest telluric lines are masked in this step. Panel ¢ shows the SYSREM reduced spectra after
telluric and stellar line removal.

the algorithm in the traditional way, which resulted in a model-subtracted residual matrix for each
SYSREMN iteration. Then we divided the original spectral matrix by the sum of the models from each

SYSREM iteration. We also divided the uncertainties by the final model for error propagation.

The SYSREM implementation proposed by Gibson et al. (2020) comes with the advantage of pre-
serving the strength of the planetary spectral signature falling onto stellar and telluric lines. The
mathematical description of the normalized spectrais 1+ F,/F.,, where F,/F\ is the planet-to-star

flux ratio.

3.9. Appendix C) Additional figures
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Figure 3.5.: Comparison between model spectra with (gray data points) and without (solid lines) H™ opacity. The
difference between the models is insignificant, and hence the H™ continuum opacity can be neglected.
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Figure 3.6.: Model spectra and VMRs at different metallicity values. Top panel: Model spectra for WASP-33b over a
wide wavelength range (3000-19 000 A). The gray shaded area corresponds to the CARMENES near-infrared channel.
The spectra were calculated for VMRs with [Si/H] between —2 dex and +2dex in steps of 1dex. The model with
[Si/H] =0 is also shown in Fig. 3.2. Bottom panel: VMRs computed by assuming chemical equilibrium. We also plot
the VMRs of SiO (dashed lines) to allow for a comparison with the VMRS of Si (solid lines).

71



3. Silicon in the dayside atmospheres of two ultra-hot Jupiters

KELT-20b
5 4
le-5 [Si/H] = -2
4lle—4 [Si/H] = -1
0 1 1 h “ L 1
211le-3 [Si/H] = 0
w
N I |
0 1., " L | .| hll h . db o ||||.| Ll L
le-3 [Si/H] =1
2 4
0_ l J'll l'.ll |‘ J.Jl.m IR ll‘ “ IL.
41le-3 [Si/H] = 2
01 lJu“ Lh‘lu ‘ﬂu ANN AR
4000 6000 8000 10000 12000 14000 16000 18000
Wavelength (A)
10-°
—— SiVMRs
---- SiO VMRs
1075 - __ .
1074 TS TS
S103) e Tl T
P e S - \
-~ \
\\\
1072 \ \ \ \
|} 1 1 )
1 1 1 1
H H i i
| : ! !
107! ! ! : !
I Il ,' |I
! ! : !
1 1 1 1
100 . . . ! ! . H . . .
102 10-8 107 10-6 105 104 1073 102

VMR

Figure 3.7.: Same as Fig. 3.6, but for KELT-20b.
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Figure 3.8.: S/N maps of WASP-33b after three SYSREM iterations from model spectra with non-solar Si abundances.
The top panels and bottom panels correspond to sub-solar and super-solar [Si/H] ratios, respectively. The yellow
dash-dotted lines indicate the location of the most significant detection peak, described in Sect. 3.5. The detection
significance obtained with non-solar [Si/H] ratios is below the peak value obtained under the assumption of solar
elemental abundances.
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Figure 3.9.: Same as Fig. 3.8, but after four SYSREM iterations for KELT-20b.
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Figure 3.10.: Evolution of the S/N detection strength (measured at the position of the strongest peak; see Sect. 3.5) with
increasing SYSREM iteration. We show the S/Ns of WASP-33b and KELT-20b in the left and right panels, respectively.
The different Si abundances are indicated by different colors. The strongest S/N peaks are found for both planets at
[Si/H] =0 and are indicated by the blue stars.
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Figure 3.11.: CCF maps of WASP-33b (left panels) and KELT-20b (right panels). The aligned CCF maps are shown
in the top panels (assuming K, values of 226.0kms™' and 173.0kms™"' for WASP-33b and KELT-20b, respectively).
The vertical dashed lines indicate the planetary trail; the horizontal dash-dotted lines indicate ingress and egress from
secondary eclipse. As described in Sect. 3.4.2, we masked the RV range of residual stellar Si lines in the CCF map of
WASP-33b. In the bottom panels the collapsed CCF maps (gray lines) are compared to simulated CCFs (blue and red
lines). The simulated CCFs that are rotationally broadened (by 7kms™! and 3 kms™!, respectively) are represented by
the dashed lines. Those without broadening are represented by the solid lines. We note that in the case of KELT-20b,
the simulated CCFs with and without broadening differ only marginally and therefore lie on top of each other.
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To further increase confidence in the detected Si signals, we tested how the use of an inappropriate
model spectrum for cross-correlation affects the S/N maps. We chose to use a shifted Fe model
spectrum, since the amplitude and density of the Fe emission lines are similar to those of Si in the
near-infrared wavelength range of CARMENES (see Fig. 3.12). To avoid detecting a Fe signal (Fe
is present in the atmosphere of WASP-33b and KELT-20b; Nugroho et al. 2020a, Cont et al. 2021,
Yan et al. 2021), the wavelength solution of the Fe model spectrum was shifted by a constant value
of 500 A. By shifting the wavelength axis, the Fe lines are no longer located at the right position.
Hence, we reached a situation that corresponds to that of a model with random lines. We also

tested shifts other than 500 A, all of which led to the same conclusions.

We computed the CCFs and the S/N detection maps by using the shifted Fe model spectrum. The
resulting S/N maps show a noise pattern without any strong detection peaks (see Fig. 3.13). We
conclude that our implementation of the cross-correlation technique does not lead to significant

detections when an inappropriate model spectrum is used.
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Figure 3.12.: Comparison between the Si model spectrum of WASP-33b (top panel) and the wavelength-shifted Fe
model (bottom panel). We note that the density and amplitude of the emission lines in the two models are similar.
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Figure 3.13.: S/N detection maps of WASP-33b (fop panel) and KELT-20b (bottom panel), obtained from cross-
correlation with the shifted Fe model spectrum. A random noise pattern without any significant detection peaks is
found. The detection coordinates of Si are indicated by the yellow dash-dotted lines. The horizontal and vertical panels
correspond to the cross sections at the location of the Si S/N peaks and do not show any detection signal.
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4. Atmospheric characterization of the
ultra-hot Jupiter WASP-33b

This chapter was published as the peer-reviewed article “Atmospheric characterization of the ultra-
hot Jupiter WASP-33b. Detection of Ti and V emission lines and retrieval of a broadened line
profile” (Credit: Cont et al., A&A, 668, A53, 2022). The article was co-authored by F. Yan,
A. Reiners, L. Nortmann, K. Molaverdikhani, E. Pallé, Th. Henning, I. Ribas, A. Quirrenbach,
J. A. Caballero, P. J. Amado, S. Czesla, F. Lesjak, M. Lépez-Puertas, P. Molliere, D. Montes,
G. Morello, E. Nagel, S. Pedraz, and A. Sanchez-Lépez. D. Cont performed the data reduction,
the cross-correlation analysis, and the retrieval of the atmospheric parameters. F. Yan conducted
the CARMENES observations of WASP-33b, contributed to the calculation of the volume mixing
ratios, and provided his retrieval code. K. Molaverdikhani computed the high-resolution opacity
data, which were used to generate the model spectra for cross-correlation and the retrieval analysis.
The other co-authors contributed to the interpretation of the results and provided comments to the

manuscript. The layout of selected figures and tables has been slightly adapted for this thesis.

4.1. Abstract

Ultra-hot Jupiters are highly irradiated gas giant exoplanets on close-in orbits around their host
stars. The dayside atmospheres of these objects strongly emit thermal radiation due to their ele-
vated temperatures, making them prime targets for characterization by emission spectroscopy. We
analyzed high-resolution spectra from CARMENES, HARPS-N, and ESPaDOnS taken over eight
observation nights to study the emission spectrum of WASP-33b and draw conclusions about its
atmosphere. By applying the cross-correlation technique, we detected the spectral signatures of
Ti1, V 1, and a tentative signal of Ti 1t for the first time via emission spectroscopy. These detections
are an important finding because of the fundamental role of Ti- and V-bearing species in the plan-
etary energy balance. Moreover, we assessed and confirm the presence of OH, Fe 1, and Si 1 from
previous studies. The spectral lines are all detected in emission, which unambiguously proves the
presence of an inverted temperature profile in the planetary atmosphere. By performing retrievals
on the emission lines of all the detected species, we determined a relatively weak atmospheric
thermal inversion extending from approximately 3400 K to 4000 K. We infer a super-solar metal-
licity close to 1.5 dex in the planetary atmosphere, and find that its emission signature undergoes

significant line broadening with a Gaussian full width at half maximum of about 4.5kms~!. Also,
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we find that the atmospheric temperature profile retrieved at orbital phases far from the secondary
eclipse is about 300 K to 700 K cooler than that measured close to the secondary eclipse, which is
consistent with different day- and nightside temperatures. Moreover, retrievals performed on the
emission lines of the individual chemical species lead to consistent results, which gives additional
confidence to our retrieval method. Increasing the number of species included in the retrieval and
expanding the set of retrieved atmospheric parameters will further advance our understanding of

exoplanet atmospheres.

4.2. Introduction

In-depth characterization of exoplanet atmospheres is an emerging field in astronomy. Most known
exoplanets have no analogs in our Solar System and therefore challenge our understanding of
their formation and evolution. In recent years, observations and theoretical work have increased
our knowledge about the subclass of ultra-hot Jupiters (UHJs; Parmentier et al. 2018), which
are gas giant planets with the highest equilibrium temperatures identified to date (Tq > 2200 K).
Located on close-in orbits, they are expected to be tidally locked to their host stars with highly ir-
radiated daysides. The extreme irradiation regime in combination with a synchronous rotation
causes a strong temperature contrast between the permanent day- and nightsides. Therefore,
the atmospheric composition is significantly different between the two planetary hemispheres
(e.g., Arcangeli et al. 2018; Bell & Cowan 2018; Komacek & Tan 2018; Tan & Komacek 2019;
Molaverdikhani et al. 2020). UHJ daysides are likely dominated by atomic species with a high de-
gree of ionization, while most of the molecules are predicted to dissociate (Kitzmann et al. 2018;
Lothringer et al. 2018). In contrast, the planetary nightsides harbor a large variety of molecules
and can be covered by clouds with complex molecular chemistry (Helling et al. 2019; Gao et al.
2020; Gao & Powell 2021).

The atmospheric composition of UHJs has been extensively studied in recent years. For instance,
neutral or ionic species of H, Li, O, Na, Mg, Si, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Sr, and Y have
been identified in the atmospheres of several UHJs, including KELT-9b (Yan & Henning 2018;
Hoeijmakers et al. 2018, 2019; Wyttenbach et al. 2020; Borsa et al. 2021b), WASP-33b (Yan et al.
2019, 2021; Nugroho et al. 2020a; Borsa et al. 2021c; Cont et al. 2021, 2022b; Herman et al.
2022), WASP-189b (Yan et al. 2020; Stangret et al. 2022; Prinoth et al. 2022), WASP-76b (Seidel
et al. 2019; Ehrenreich et al. 2020; Tabernero et al. 2021; Deibert et al. 2021; Casasayas-Barris
et al. 2021; Kesseli et al. 2022), and KELT-20b/MASCARA-2b (Casasayas-Barris et al. 2018,
2019; Stangret et al. 2020; Nugroho et al. 2020b; Hoeijmakers et al. 2020a; Rainer et al. 2021;
Yan et al. 2022b; Borsa et al. 2022). Also, the spectral signatures of an increasing number of
molecular species such as CO, HCN, H,;0O, OH, SiO, or TiO have been identified in UHJ atmo-
spheres (e.g., Nugroho et al. 2021; Cont et al. 2021; Landman et al. 2021; Fu et al. 2022; Prinoth
et al. 2022; Sanchez-Lépez et al. 2022; Yan et al. 2022a; van Sluijs et al. 2022; Lothringer et al.
2022). Detecting the spectral lines of different species not only allows for the characterization

of atmospheric chemistry, but also provides the opportunity to constrain additional properties of
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UHJs. For example, strong day-to-night winds (e.g., Louden & Wheatley 2015; Brogi et al. 2016;
Alonso-Floriano et al. 2019), atmospheric mass loss (e.g., Yan & Henning 2018; Wyttenbach et al.
2020), or rain-out from the gas phase on the planetary nightside (Ehrenreich et al. 2020) have
been identified. Moreover, the composition of exoplanet atmospheres can provide insights into the
planetary formation and migration history, especially if the concentrations of the most important
carbon- and oxygen-bearing species are well determined (Mordasini et al. 2016; Madhusudhan
2019).

Ultra-hot Jupiters are prime targets for atmospheric characterization by observing their thermal
emission signal, given the elevated dayside temperatures of these objects. Various techniques have
been used to study the emission signals from UHJ atmospheres, such as space-based photometric
light curves (e.g., Zhang et al. 2018; von Essen et al. 2020; Deline et al. 2022), low-spectral-
resolution observations (e.g., Arcangeli et al. 2018; Changeat & Edwards 2021), and ground-based
high-resolution spectroscopy. In particular, emission spectroscopy has proven to be a powerful tool
for identifying thermal inversions in the atmospheres of UHIJs (e.g., Haynes et al. 2015; Nugroho
etal. 2017; Kreidberg et al. 2018; Yan et al. 2020; Kasper et al. 2021). In these atmospheres, strong
absorption of visible and ultraviolet radiation from the host star causes the temperature to increase
with altitude. The presence of TiO and VO was initially proposed to cause this heating mechanism
in upper planetary atmospheres (Hubeny et al. 2003; Fortney et al. 2008). However, theoretical
work and more recent observations at high spectral resolution suggest that atomic metal species
may also be fundamental for maintaining thermal inversion layers (e.g., Arcangeli et al. 2018;
Lothringer et al. 2018). Neutral Fe is the species most commonly detected in thermal inversion
layers, and is therefore thought to play an important role in the temperature structure of UHJ
atmospheres (Pino et al. 2020; Nugroho et al. 2020a; Yan et al. 2020, 2021; Kasper et al. 2021;
Cont et al. 2021; Herman et al. 2022).

Another significant result of UHJ high-spectral-resolution observations is the frequent nondetec-
tion of Ti, V, and their oxides, although their signature should be present in the planetary spec-
tra when assuming equilibrium chemistry (e.g., Merritt et al. 2020; Hoeijmakers et al. 2020b;
Tabernero et al. 2021; Yan et al. 2022b). This result suggests that depletion mechanisms may limit
the presence of these species in the upper atmospheres of UHJs. Theoretical work has explored
different mechanisms that may remove Ti- and V-bearing species from the atmospheres of hot gi-
ant exoplanets. For example, Spiegel et al. (2009) proposed the depletion of Ti and V in the upper
part of planetary atmospheres via gravitational settling of TiO and VO. Cold trapping of Ti- and
V-bearing molecules on the planetary nightsides has been suggested as another possible depletion
scenario (Parmentier et al. 2013). However, these theoretical studies are mostly limited to the tem-
perature range below that of UHJs. Further theoretical and observational work is therefore needed
to better understand the circumstances under which Ti- and V-bearing species are depleted in UHJ

atmospheres and how this impacts the planetary energy balance.

Several UHJs have been characterized using high-resolution Doppler spectroscopy. This tech-

nique uses the Doppler-shift of a planet’s orbital motion relative to the telluric and stellar lines to
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4. Atmospheric characterization of the ultra-hot Jupiter WASP-33b

Table 4.1.: Parameters of the WASP-33 system.

Parameter Symbol (Unit) Value
Planet

Radius @ R, (Ry) 1.679*5:015
Orbital period Porp (d) 1.219870897
Transit epoch (BJD) To (d) 2454 163.22449
Systemic velocity © Usys (km s7h) -3.0+04
RV semi-amplitude ) K, (kms™) 231+3
Ingress duration (9 Tingress (h) 0.298 + 0.005
Transit duration Tcansic (h) 2.743 + 0.005
Surface gravity ) log g (cgs) 3.46
Star

Radius @ R. (Ro) 1.509*9-0%6
Effective temperature ) Tegr (K) 7430 + 100
Rotational velocity ) Urot Sin iy (kms™!) 86.63f8§;

References. @ Lehmann et al. (2015) with parameters from Kovécs et al. (2013),
®) Maciejewski et al. (2018), ) Nugroho et al. (2017), Y Kovics et al. (2013), © Collier
Cameron et al. (2010), ") Johnson et al. (2015) - other studies (e. g., Collier Cameron et al. 2010)
report larger uncertainties; hence, we have also performed our calculations with a v, sin i, that
deviates by + 10km s~!, but could not find any significant differences in the results.

identify its spectral signature (e.g., Snellen et al. 2010; Brogi et al. 2012). However, constraining
the atmospheric parameters from the observed spectra remains a difficult task. For example, the
elemental abundances and ratios or the atmospheric temperature structure cannot be accurately
determined using high-resolution Doppler spectroscopy alone. To overcome this difficulty, atmo-
spheric retrieval frameworks have been developed to fit high-resolution spectroscopy observations
with parameterized model spectra. These retrievals result in statistical estimates of the physical
parameters in the exoplanet atmosphere. Most of these retrievals rely on a likelihood function that
compares the observed data to a forward model. A Bayesian estimator is then used to optimize
the forward model parameters (e.g., Brogi et al. 2017; Brogi & Line 2019; Yan et al. 2020; Gibson
et al. 2020). The use of alternative techniques for retrievals, such as supervised machine learning,

has also been explored recently (Fisher et al. 2020).

In this study, we investigate the dayside emission spectrum of the UHJ WASP-33b. We report
the first detection of atomic Ti and V via emission spectroscopy. Also, we present the physical
parameters of the planetary atmosphere obtained from a Bayesian retrieval. WASP-33b orbits
an AS-type star undergoing & Scuti pulsations. Its bright host star (V ~ 8 mag), high equilibrium
temperature (Tq ~ 2700 K), and short orbital period (Po ~ 1.22 d) make WASP-33b a prime target

for emission spectroscopy. Different studies have shown that the planet possesses a temperature
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inversion in its dayside hemisphere (e.g., Haynes et al. 2015; Nugroho et al. 2017; Cont et al.
2021). To date, the hydrogen Balmer lines, Si 1, Ca n, Fe 1, OH, CO, H,0O, and TiO have been
identified via transmission or emission spectroscopy in the planetary atmosphere (Nugroho et al.
2017, 2020a, 2021; Yan et al. 2019, 2021; Cont et al. 2021, 2022b; Herman et al. 2022; van Sluijs
et al. 2022). The WASP-33 system parameters used in this work are summarized in Table 4.1.

This work is organized as follows. We describe the observations and our data reduction routine
in Sects. 4.3 and 4.4. The technique to search for individual species in the planetary atmosphere
and the resulting detections are presented in Sect. 4.5. Our retrieval method and the inferred
atmospheric parameters are described in Sect. 4.6. The conclusions of our work are given in
Sect. 4.7.

4.3. Observations

The thermal phase curve of WASP-33b was observed at high spectral resolution over a total of
eight visits. We observed the planetary emission spectrum on 15 November 2017 with CAR-
MENES at the 3.5m Calar Alto telescope (Quirrenbach et al. 2014, 2020). Both the visible
(VIS) and near-infrared (NIR) wavelength channels of CARMENES were used. We consider the
CARMENES channels independently as two different instruments. We also observed the spectrum
of WASP-33b during the two nights of 15 October 2020 and 7 November 2020 with HARPS-N at
the Telescopio Nazionale Galileo (Mayor et al. 2003; Cosentino et al. 2012). Another five obser-
vations were obtained between September 2013 and November 2014 by Herman et al. (2020) with
ESPaDOnS at the Canada-France-Hawai’i telescope (Donati 2003). The combined set of nine
observation datasets (two datasets from the CARMENES VIS and NIR observations, one dataset
from each of the other seven observations) has already been used in previous studies to investigate
the emission signature of TiO, Fe 1, and Si 1 in the dayside atmosphere of WASP-33b (Herman
et al. 2020, 2022; Cont et al. 2021, 2022b). Details of the observations and the main characteristics

of the used spectrographs are summarized in Table 4.2.

Prior to the data reduction, we discarded a number of spectra due to poor data quality. All the
discarded spectra belong to the CARMENES observation night on 15 November 2017. For seven
spectra, the star was not aligned with the telescope fiber, and for three spectra the flux drastically
dropped due to a passing cloud. Another seven spectra were removed due to the insufficient
flux level in the NIR channel caused by the low elevation of the target towards the end of the
observation night (airmass >?2). Consequently, we removed a total of 10 VIS channel spectra
and 17 NIR channel spectra from the CARMENES observation. As no data quality issues were
identified for the HARPS-N and ESPaDOnS observations, we included all spectra from the two

instruments in the further analysis.
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4. Atmospheric characterization of the ultra-hot Jupiter WASP-33b

Table 4.2.: Observation log and instrument characteristics.

Spectral Wavelength Phase Exposure
Instrument ] . Date ) spectra
resolution (R) range (A) coverage time (s)
CARMENES 94600 (VIS) 5200-9600 2017-11-15 0.29-0.65 300 95 (@)
80400 (NIR) 9600-17100 2017-11-15 0.29-0.63 300 88 (@
HARPS-N 115000 3830-6900 2020-10-15 0.43-0.70 200 125
2020-11-07 0.24-0.57 200 155
ESPaDOnS 68 000 3700-10500 2013-09-15 0.30-0.44 90 110
2013-09-26 0.37-0.44 90 55
2014-09-04 0.56-0.69 90 110
2014-09-15 0.55-0.68 90 110
2014-11-05 0.31-0.38 90 55

Notes. ¥ Total number of CARMENES spectra was 105; due to their poor quality ten spectra
were removed from the time series of the VIS channel and 17 spectra were removed from the
time series of the NIR channel.

4.4. Data reduction

4.4.1. Pre-processing the spectra

The extraction of the one-dimensional spectra from the raw frames was performed with the data
reduction pipelines of the respective instruments. We extracted the order-by-order spectra of
CARMENES using the instrument pipeline caracal v2.20 (Zechmeister et al. 2014; Caballero
et al. 2016) and obtained the order-merged spectra of HARPS-N by running the Data Reduction
Software (Cosentino et al. 2014). The order-by-order ESPaDOnS spectra were extracted by the
observatory using the Upena pipeline, which relies on the data reduction package Libre-ESpRIT
(Donati et al. 1997). Except for the echelle orders 4543 in the CARMENES NIR channel,
we included the entire wavelength range of all instruments in our analysis. The three excluded
CARMENES NIR orders coincide with the telluric absorption band of water at 1.4 um and there-

fore suffer from an insufficient flux level.

Each of the nine observation datasets was reduced separately. To normalize all the spectra to
the same continuum level, we applied a polynomial fit to the individual spectra and divided
them by the fit function. We used a second-order polynomial for the order-by-order spectra of
CARMENES and ESPaDOnS and a seventh-order polynomial for the order-merged spectra of
HARPS-N. Outliers were removed by applying a 5o clip to the time evolution of each pixel.
Wavelength bins with the absorption level larger than 80 % of the spectral continuum were masked.
We also masked the strong sky emission lines, which are present in the CARMENES NIR chan-

nel.
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Figure 4.1.: Data reduction steps for a representative CARMENES NIR wavelength range. Panel a: unprocessed
spectral matrix. Panel b: spectral matrix after normalization and outlier correction; we mask the strongest telluric lines
in this step. Panel c: spectra reduced with SYSREM after telluric and stellar line removal.

4.4.2. Removal of telluric and stellar features

We applied the detrending algorithm SYSREM to the spectral matrix of each observation to correct
for the contribution of telluric and stellar lines. The algorithm was originally proposed for the
removal of systematic effects from large sets of photometric light curves (Tamuz et al. 2005).
SYSREM models the common systematic features of the light curves by iteratively fitting their trends
as a function of time. Subsequently, the modeled systematics are subtracted from the data. When
applied to the search for exoplanets, each wavelength bin of the spectral matrix is considered as
an independent light curve. This procedure results in the so-called residual spectral matrix, which
is the spectral matrix after removal of the systematics.

The input data for SYSREM are the spectral matrix and its uncertainties. For the CARMENES
and ESPaDOns data, we used the propagated uncertainties from the instrument pipelines. As the
HARPS-N pipeline does not compute uncertainties, we estimated them according to the procedure
described by Yan et al. (2020). This method consists of running SYSREM in a first step with five
iterations and uniform uncertainty values. The resulting residual matrix is dominated by noise.
We then calculated the average noise row by row and column by column. Finally, the uncertainty
values of each data point are calculated as the mean of the respective row and column average

noise.
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4. Atmospheric characterization of the ultra-hot Jupiter WASP-33b

We followed the approach from Gibson et al. (2020) and ran SYSREM in flux space instead of
magnitude space (Tamuz et al. 2005). This method allows the relative strength of the planetary
spectral lines to be preserved during the correction for the telluric and stellar contamination. First,
we used the algorithm in the standard way to calculate a model of the systematic features. This
model corresponds to the sum of the models from each SYSREN iteration. We then divided the
model of the systematic features out of the original spectral matrix. Also, the uncertainties were
divided by the model.

We ran the algorithm over ten consecutive iterations. This results in a residual spectral matrix for
each iteration. For the CARMENES and ESPaDOnS observations, we created the order-merged
residual spectral matrix by combining the order-by-order SYSREM reduced spectral matrices. This
step was not necessary for the HARPS-N data, because the spectra were already provided by
the instrument pipeline in an order-merged format. An overview of the data reduction including
SYSREMN is provided in Fig. 4.1.

4.5. Detection of the planetary emission lines

We used the cross-correlation technique (e.g., Snellen et al. 2010; Brogi et al. 2012; Sanchez-
Lopez et al. 2019; Prinoth et al. 2022) to extract the weak emission signature of WASP-33b from
the noise-dominated residual spectra. This method combines numerous spectral lines and trans-
lates them into a single peak via calculating the cross-correlation function (CCF) between the
residual spectra and model spectra as described below. We searched for the emission lines of the
metal species Ti 1, Ti 1, V 1, and V 1. Also, we aimed to confirm the presence of the hydroxyl
radical (OH), which was recently detected by Nugroho et al. (2021). Moreover, we reassessed
the detections of Fe 1 and Si 1 in previous studies (Cont et al. 2021, 2022b) and investigated the
presence of Fe 1 and Si 11 in the planetary atmosphere.

4.5.1. Model spectra

We modeled a planetary atmosphere with 61 layers equispaced in log pressure from 1 to 1076 bar.
As the atmospheric temperature profile of WASP-33b is not yet known in detail, we adopted
the T-p profile of WASP-189b, which was measured by Yan et al. (2020) via the Fe 1 emission
signature (Fig. 4.2). We believe that using the 7-p profile of WASP-189b is a reasonable ap-
proximation because the planet has similar properties to WASP-33b. This temperature profile has
also been used successfully in previous work to characterize the atmosphere of WASP-33b (Cont
et al. 2021, 2022b). The T-p profile is parametrized by a low pressure point (7, p;) and a high
pressure point (T, p»). An isothermal atmosphere is assumed at pressures below p; or higher
than p,. Between these two isothermal layers, we assumed a temperature that changes linearly
as a function of log p. We used easyCHEM (Molliere et al. 2017) to calculate the mean molecular

weight and the volume mixing ratios (VMRs) of the investigated chemical species (Fig. 4.2). For
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Figure 4.2.: Volume mixing ratios (VMRs; left panel) and T-p profile (right panel) used to generate the model spectra.
We assumed equilibrium chemistry and solar elemental abundances for computing the VMRs. As the T'-p pattern is not
known in detail, we assumed the two-point profile that was retrieved for WASP-189b by Yan et al. (2020).

this purpose, we assumed equilibrium chemistry and a solar elemental abundance. An opacity
grid of each species was computed for modeling the planetary spectra. The metal opacities were
calculated from the Kurucz line list (Kurucz 2018) and the OH opacities were obtained from the
MoLLIST line database (Brooke et al. 2016; Yousefi et al. 2018; Bernath 2020). Eventually, we ran
the radiative transfer code petitRADTRANS (Molliere et al. 2019) to compute the model spectrum
of each species.

As the reduced spectra were continuum normalized, a normalization of the model spectra was also
required. First, we calculated the planet-to-star flux ratio of the model spectra by dividing with the
blackbody spectrum of the host star. The result was then normalized to the planetary continuum.
As alast step, we convolved each model spectrum with the instrument profiles, obtaining the final
model spectra for cross-correlation. The normalized model spectra of all investigated species are
illustrated in Figs. 4.3 and 4.4.

4.5.2. Cross-correlation method

The cross-correlation method was applied to each species independently. We Doppler-shifted the

1

model spectrum from —520kms~! to +520kms~! with steps of 1kms~!. Each order-merged

residual spectrum was multiplied with the shifted model spectrum and weighted by the uncertain-
ties. This resulted in the weighted CCF, defined as

CCF = Z rim(v). .1

The data points of the residual spectra weighted by the inverse of the squared uncertainties are

denoted by r;, and m; is the model spectrum as a function of the Doppler-shift velocity v. By
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Figure 4.3.: Model spectra and S/N maps of the neutral chemical species investigated. Left panels: normalized model
spectra of the detected species. The presented interval 3700-17 100 A corresponds to the combined wavelength cover-
age of the instruments used. Right panels: S/N maps of the neutral species that we searched for. For each species, the
S/N map corresponds to the specific SYSREM iteration that maximizes the detection. The detection peaks are indicated
by the yellow dash-dotted lines.

combining the CCFs from the different datasets in a two-dimensional array, we obtained the final
CCF map. In this step, we included the CCFs of those instruments that cover the wavelength
ranges with significant emission features of the species in consideration. In contrast, we did not
include the data of the instruments for which the model spectra predicted insignificant spectral
features. The instruments and wavelength ranges included in the analysis and the corresponding
chemical species are listed in Table 4.3.

WASP-33 is a § Scuti variable star, showing time-dependent luminosity variations and a variable
stellar line profile (Herrero et al. 2011). Given that SYSREM corrects only efficiently for stationary
features, the variable stellar lines are not entirely removed by the algorithm from the observed
spectra. The presence of residual stellar lines of the same species as the one under investigation
can lead to artifacts in the CCF map. In this case, the affected radial velocity (RV) range in the
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Figure 4.4.: Same as Fig. 4.3, but for the investigated ionic species. Only for Ti 11 a tentative detection peak that agrees
with the planetary orbital motion is obtained. For V 1, Fe 1, and Si 11, which are not detected at any SYSREM iteration,
the S/N maps are the result of five consecutive iterations.

CCF map depends on the stellar rotation velocity and lies between =+u, sini, in the stellar rest
frame (i.e., +87kms~! for WASP-33). We find these artifacts to be present in the CCF maps of
Tin, V1, Fe 1, Fe 1, Si 1, and Si 11, and therefore masked the affected RV range in the CCF maps
of these species. For Ti 1, V 1, and OH, we find no residual stellar lines present because there are
no artifacts in their CCF maps, nor is a substantial change in the detections of these species with
or without masking achieved. No masking is therefore applied to the CCF maps of these three

species. In Fig. 4.5 we show two example CCF maps, one with artifacts, the other without.

We assumed a circular orbit for shifting the CCF map of each species to the planetary rest frame.

For this purpose, the CCFs were Doppler-shifted with a planetary RV of
Up = Usys + Ubary + Kp sin 271¢) + Av, “4.2)

with K, the orbital velocity semi-amplitude, vy the velocity of the WASP-33 system, vpary the
barycentric correction, Av the velocity deviation from the planetary rest frame, and ¢ the orbital
phase. We repeated the alignment over a range of different K, values. For each alignment, the
CCF map was collapsed into a one-dimensional CCF by calculating the mean value over all out-of-

eclipse CCFs. The one-dimensional CCFs were then combined in a two-dimensional array. This
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Table 4.3.: Summary of cross-correlation results.

. K, Av SYSREM  Instruments  Wavelength range
Species S/N ) . . o
(kms™")  (kms~!) iteration included (A)

Ti1 6.3 226071 1% 3 CV,CN,H,E  3700-17 100
Vi 48 2240130 1*2 3 CV.H,E 37009600
OH 44 2270792 0*® 3 CN 960017 100
Fe1 79 2250735 0% 10 CV,CN,H,E  3700-17 100
Sit 44 226070 -1t 4 CN 9600-17 100
Tin 36 223007 05 1 H 3830-6900
Vi No detection H, E 3700-10500
Fen No detection H,E 3700-10500
Sin No detection H,E 3700-10500
Combined 85  225.073% 03 9 CV,CN,H,E  3700-17 100

Notes. For each species, only those instruments predicted to have prominent emission lines in
their wavelength range were included. We use the following abbreviations: CARMENES VIS
(CV), CARMENES NIR (CN), HARPS-N (H), and ESPaDOnS (E).
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Figure 4.5.: Example CCF maps from CARMENES VIS data. The RV region between +uv,, sin i, is indicated by the

yellow dash-dotted lines. In the left panel this region is dominated by artifacts from residual stellar Fe 1 lines. Stellar
artifacts are absent in the CCF map of Ti 1 in the right panel. The in-eclipse CCFs are masked in both panels.
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Figure 4.6.: S/N detection strength as a function of SYSREN iteration. We show the pattern for Ti 1, V 1, OH, Fe 1, Si 1,
the tentatively detected signature of Ti 1, and the spectral feature of all species together. The iteration with the most
significant S/N peak is indicated by the star symbol.

array was normalized by its standard deviation under exclusion of the region around the strongest
signal peak. In this way, we obtained a signal-to-noise map (S/N map) of the investigated chemical
species. If the spectral signature is present in the data, the S/N map shows a significant peak at the

location of the expected K, and close to Av=0km s7h.

4.5.3. Cross-correlation results and discussion

We find significant detections (> 407) of Ti 1, V 1, OH, Fe 1, and Si 1 that correspond to the Doppler-
velocity of WASP-33b’s orbital motion. A clear peak is seen for all SYSREM iterations greater than
one in the S/N maps at the location of the expected orbital parameters (Fig. 4.6). Figure 4.3 shows
the S/N maps and the corresponding model spectra used for cross-correlation. We summarize the

S/N of the detections and the measured orbital parameters in Table 4.3.

This is the first detection of Ti 1 and V 1 in the atmosphere of WASP-33b. Previously, these two
species were detected exclusively in transmission, making this their first detection in an exoplanet
atmosphere using emission spectroscopy (Ben-Yami et al. 2020; Stangret et al. 2022; Ishizuka
et al. 2021; Gibson et al. 2022; Kesseli et al. 2022; Bello-Arufe et al. 2022; Prinoth et al. 2022).
Moreover, our results confirm the recent report of OH in the dayside atmosphere of WASP-33b
(Nugroho et al. 2021). The detections of Fe 1 and Si 1 are a re-evaluation of earlier work (Cont
etal. 2021, 2022b) and are shown here for completeness. We note that the orbital parameters found
for the individual species differ slightly, but within the one-sigma range. Detecting the emission
signature from multiple species also unambiguously proves the existence of a temperature inver-
sion layer in the planetary atmosphere, which is in agreement with the predictions from theoretical
work (Hubeny et al. 2003; Fortney et al. 2008; Lothringer & Barman 2019).
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Figure 4.7.: S/N maps of injection-recovery tests for V i and Fe 1. The position of the injected signal is indicated by
the yellow dash-dotted lines. The injected V 1 signal cannot be detected, and that of Fe m causes a negligible peak in
the S/N map. We conclude that the two species are not detectable even if they are present in the planetary atmosphere,
given that the injected signals are poorly recovered.

Figure 4.4 illustrates the cross-correlation results for the ionic species Ti 1, V 1, Fe m, and Si 1.
Emission lines of Ti 11, Fe 11, and, to a lesser extent, V 1 are expected to be present near the blue
end of the observed wavelength range. Only in the specific case of Ti m and when considering
the data from HARPS-N alone do we find tentative evidence for emission lines consistent with
the planetary rest frame. Given the strong detection of Ti 1 and the higher spectral resolution of
HARPS-N in comparison to the other instruments used, we consider the tentative Ti 1 peak as a
real signal. On the other hand, no significant detections of V 1 and Fe 11 are achieved. We ran an
injection-recovery test to investigate the nondetections of the two species. To this end, we Doppler-
shifted the convolved model spectra used to attempt the detection of V 1 and Fe 1 with the reversed
K, of WASP-33b (Merritt et al. 2020). Subsequently, we injected the shifted model spectra into the
raw data and performed the pre-processing and cross-correlation analysis as described in Sects. 4.4
and 4.5.2. Doppler-shifting the injected signal with the reversed K, value of —231km s~! prevents
interference with potentially undetected V n and Fe n signals from the planetary atmosphere. No
recovery could be achieved for V 1, and the injected Fe m model spectrum resulted in a negligible
peak in the S/N map. We show the results of the injection-recovery test in Fig. 4.7. Given the poor
recovery of the injected V m and Fe 1 signals, we conclude that our nondetections of these species
are likely due to the relatively small number of prominent emission lines rather than resulting
from their absence in the planetary atmosphere. Our nondetection of the Si it signal was expected
because the emission lines are very weak over the considered wavelength range. In summary,
obtaining a cross-correlation signal of the metal ions studied is more challenging than detecting
the corresponding neutral species because of the smaller number and strength of their emission

lines, which are restricted to a relatively narrow wavelength range.
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Figure 4.8.: Model spectrum and detected signature from combining the emission lines of all the detected chemical
species. Left panel: normalized model spectrum that includes the spectral lines of Ti 1, V 1, OH, Fe 1, Si 1, and Ti 1.
Right panel: resulting S/N map. The detection peak coordinates are indicated by the yellow dash-dotted lines.
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Figure 4.9.: CCF maps including all the detected chemical species and Doppler-shift induced by planetary rotation.
The two CCF maps are aligned using the K, values of 225kms™" (left panel; detected K,) and 231kms™" (middle
panel; expected Kj,), respectively. When shifting the CCFs with the detected K, no offset from the planetary rest
frame is found. The alignment with the expected K, yields a blueshift before and a redshift after secondary eclipse,
which is indicated by the white dashed lines. We indicate the secondary eclipse with the yellow dash-dotted lines.
The masked regions in the CCF map outside eclipse correspond to the location of residual stellar lines. Right panel:
WASP-33 system. The curved blue and red arrows indicate the planetary rotation direction, and the gray arrow indicates
the orbital motion. Due to the planetary rotation, the signature from the planetary dayside experiences an additional
blueshift before eclipse and redshift after eclipse.

Our results show that atomic Ti and V are not rained out, cold trapped, or otherwise depleted in
the hot atmosphere of WASP-33b. Moreover, the detections of Ti 1, V 1, and the tentative signal
of Ti m are consistent with the identification of these species in the atmospheres of a number of
other strongly irradiated exoplanets (e.g., Hoeijmakers et al. 2018; Stangret et al. 2022; Prinoth
et al. 2022; Bello-Arufe et al. 2022; Kesseli et al. 2022). We therefore conclude that the presence
of significant Ti and V concentrations is favored at elevated temperatures. Because emission

spectroscopy preferentially probes spectral lines emerging from the hot planetary dayside, we
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4. Atmospheric characterization of the ultra-hot Jupiter WASP-33b

propose this method to be particularly suitable for the search for refractory species such as Ti and
V in exoplanet atmospheres. However, some observations suggest that the presence or absence of
refractory species may not be determined by the atmospheric temperature alone. For example, Ti 1
was detected in the planetary atmosphere of HD 149026b (Ishizuka et al. 2021), the temperature of
which is significantly below that of UHJs. On the other hand, the signature of the same species was
not identified in the very hot atmosphere of KELT-20b/MASCARA-2b (Yan et al. 2022b). These
observations suggests that physical parameters other than the temperature may also be important

for the presence of Ti and V in the atmospheres of gas giant exoplanets.

We further applied the cross-correlation method to the datasets with a model spectrum that includes
all the detected species (i.e., Ti 1, V 1, OH, Fe 1, Si 1, and Ti n). The S/N map and the model
spectrum are shown in Fig. 4.8. We find that using the model spectrum of all the species together
results in an overall detection strength of S/N =8.5 after eight SYSREM iterations (Fig. 4.6). A
comparison with the S/N values from the individual species in Table 4.3 shows that the spectral
signature of Fe 1 is driving the detection. This is a reasonable finding, because the Fe 1 lines are
expected to dominate the planetary emission spectrum over the entire wavelength range of our
observations. The retrieved orbital parameters result in K, and Av values of 225.03:2 kms~! and
03 kms~!, respectively. Our K, is slightly lower than the expected value of 231+3 km s~! (Kovics
et al. 2013; Lehmann et al. 2015), but is consistent with the results of previous studies (Nugroho
et al. 2020a; Cont et al. 2021, 2022b). The retrieved Av value is consistent with the orbital motion
of the planet. This indicates that the planet may not have a strong dayside to nightside wind at the
altitudes probed by these emission lines, which would cause a deviation of the detection peak of

the order of a few kms~! from the planetary rest frame.

Figure 4.9 shows two versions of the CCF map, one aligned with the detected K, of 225 km s,
the other with the expected value of 231 kms~!. The emission signal aligned with the detected K,
value appears as a vertical trail with zero offset from the planetary rest frame. However, aligning
the CCFs with the expected K, results in a tilted trail that is blue- and redshifted by a few km 57!
before and after secondary eclipse, respectively. Assuming that the expected K, reflects the true
orbital velocity of the planet, we propose that these Doppler-shifts are caused by the fast rotation
velocity of WASP-33b of ~7kms~! and the possible presence of super-rotation. In this scenario,
the signature of the dayside atmosphere undergoes a spectral blueshift before eclipse and a redshift

after eclipse (Fig. 4.9).

4.6. Retrieval of the atmospheric properties

We used the retrieval method developed by Yan et al. (2020) to constrain the properties of WASP-
33b’s atmosphere. This method has already been successfully used to determine the thermal struc-
ture in the atmosphere of two other UHJs, WASP-189b and KELT-20b/MASCARA-2b (Yan et al.
2020, 2022b; Borsa et al. 2022). In our implementation, we further developed this method for use

with data from multiple instruments with different wavelength coverage.
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Table 4.4.: Summary of instrument-specific results from cross-correlation.

Instrument S/N K, (km s7')  Av(kms~!) SYSREM iteration
CARMENES VIS 59  227.0*30 0*3 2
CARMENESNIR 6.4  227.0%2, -1*P 7
HARPS-N 6.7  223.0%33 142 3
ESPaDOnS 6.7  225.0%33 0+ 4

Notes. We used the spectral lines of all the detected chemical species (i.e., Ti1, V 1, OH, Fe 1,
Si1, and Ti m).

4.6.1. Retrieval method

First, we calculated an individual master residual spectrum for each instrument. We used Eq. (4.2)
to shift the residual spectra to the planetary rest frame. For aligning the spectra, we used the values
of K, and Av measured for each instrument individually. The measurements were performed
using the spectral model that consists of all the detected species. The corresponding S/N maps
are reported in Fig. 4.10; the orbital parameters and SYSRENM iterations used are summarized in
Table 4.4. To obtain the master residual spectrum, we computed the average of the shifted residual
spectra, weighted by the squared S/N of each exposure frame. As each spectrum corresponds
to a different orbital phase value, the final result of our retrieval reflects the average atmospheric
conditions over the observed phase interval. The master residual spectrum is still dominated by

noise and contains the continuum normalized planet-to-star flux ratio.

In a second step, we defined the model spectrum for fitting with the master residual spectra from
the four instruments. To this end, we used the radiative transfer code petitRADTRANS (Molliere
et al. 2019). Our opacity grid covers a temperature range up to 25000 K for all metal species.
In the specific case of OH, the available partition function limited the opacity calculations to
5000 K. All OH opacities above this temperature were approximated with the 5000 K value. This
limitation is caused by the fact that most of the OH molecules are thermally dissociated beyond
this temperature. The planetary atmosphere was modeled with 25 layers equally spaced over
a logarithmic scale between 1 and 1073 bar. A two-point T-p parametrization, as described in
Sect. 4.5.1, was used. We used the chemical equilibrium code easyCHEM (Molliere et al. 2017)
to compute the VMRs as a function of the atmospheric elemental abundance, assuming that for
all metals it varies with the overall metallicity. Moreover, we included the effect of spectral line
broadening to account for the presence of atmospheric turbulence and bulk motion. To this end,
we assumed a Gaussian as the line broadening function and set the standard deviation as vpoad.
We then convolved the model spectrum with the Gaussian function in velocity space to account
for the line broadening. Following our description in Sect. 4.5.1, the model spectrum was further
converted to the planet-to-star flux ratio and convolved with the instrument profile. The model
spectrum was then interpolated to the wavelength solution of the master residual spectrum of each

instrument.
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Figure 4.10.: Instrument-specific S/N maps including all the detected chemical species (i.e., Ti, V 1, OH, Fe 1, Si 1,
and Ti m). The orbital parameters and the optimal number of SYSREM iterations from this analysis are used for aligning
the spectra. The detection peaks are indicated by the yellow dash-dotted lines.

Finally, we fitted the spectral model to the master residual spectra. For each instrument, we used

a standard Gaussian log likelihood function

(R; — m;)?

G + In 27(Bo)? |, (4.3)

InL = —l [
24

with R; the data points of the residual spectrum, o7; their uncertainties, 8 a scaling term to correct
for possible overestimation or underestimation of the uncertainties, and m; the spectral model. We
co-added the functions of the different instruments to get the combined log likelihood function of
all the data. This results in an independent noise scaling factor for each instrument. For evaluating
the combined likelihood function and estimating the fit parameters, we ran the Markov chain
Monte Carlo (MCMC) method from the emcee software package (Foreman-Mackey et al. 2013).
Our retrieval includes the following free parameters: the temperature profile T, p1, T2, p2; a
noise scaling parameter for each instrument B¢y, ScN, B, ﬁEl; the overall metallicity [M/H]; the
average broadening velocity vproaq- For each free parameter, we used 24 walkers with 4000 steps

in the sampling.

4.6.2. Retrieval results and discussion
4.6.2.1. Retrieval including all the detected species

We included the emission lines of all the detected chemical species from Sect. 4.5 into the retrieval
(i.e., Tit, V1, 0H, Fe 1, Si 1, and Ti m). Only the spectra with a planetary Doppler-velocity outside
the RV interval +uv, sini, were used. In this way, we can be sure that the residual stellar lines
do not overlap with the planetary spectral signature. The excluded spectra correspond to ~ 10%
of the cumulative exposure time. Table 4.5 summarizes the best-fit parameters resulting from

the retrieval. The posterior distributions of the best-fit parameters are well constrained and are

! Each instrument has an independent noise scaling factor. We use the following abbreviations: CARMENES VIS
(CV), CARMENES NIR (CN), HARPS-N (H), and ESPaDOnS (E).
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4.6. Retrieval of the atmospheric properties

shown in Fig. 4.14. Also, the retrieved noise scaling terms have values close to one, indicating an

appropriate error estimation.

Figure 4.11 illustrates the retrieved T-p profile. A more exhaustive presentation is provided in
Fig. 4.21. We find that the inversion layer extends over the pressure range 107! bar to 107! bar,
with temperatures of 39811%6; K and 34243?? K in the upper and lower planetary atmosphere,
respectively. The thermal inversion layer is weaker when compared to the retrieval results of
similar UHJs (Yan et al. 2020, 2022b). This implies that the emission lines of WASP-33b are
relatively shallow. We investigated whether or not the presence of H™ opacity could explain the
relatively low intensity of the emission lines, but found that the species has a negligible impact on
our results (Fig. 4.12). To our knowledge, we performed the first retrieval of the thermal profile of
WASP-33b’s atmosphere using high-resolution spectroscopy. Similar work was recently carried
out by van Sluijs et al. (2022), who maximized the S/N detection strengths of the CO emission
lines to study the atmosphere of the same planet. We retrieve temperatures that are consistent with
their results at low atmospheric pressures, but are able to get tighter constraints on the thermal

profile at higher pressures.

The retrieval is mainly driven by the spectral signature of the neutral chemical species, which
we assume are mostly ionized in the upper atmospheric layers due to the elevated temperatures.
Nevertheless, we suggest that the emission lines of neutral species emerging from these layers are
strong enough to allow the determination of the temperature 7 at the upper limit of the thermal
inversion. This suggestion is motivated by the fact that the posterior distribution of 7 is well
constrained in Fig. 4.14. In contrast, undetectable emission lines would cause a flat pattern toward

higher temperatures in the posterior distribution, which is inconsistent with our results.

Our retrieval constrains the atmospheric metallicity to [M/H] = 1.49:'8:% dex, which corresponds
to a super-solar elemental abundance in the upper planetary atmosphere. This is in line with the re-
sults of van Sluijs et al. (2022), who obtain their strongest CO detection at abundances of ~ 1 dex
in the atmosphere of WASP-33b. Moreover, our result is consistent with previous studies that
measured atmospheric abundances greater than solar for a number of hot giant exoplanets (e.g.,
Madhusudhan et al. 2014b; Sedaghati et al. 2017; Nikolov et al. 2018). A correlation of the in-
ferred [M/H] with the pressure parameters p; and p, can be recognized as diagonal distribution
patterns in Fig. 4.14. This is consistent with the expected degeneracy between [M/H] and the
atmospheric temperature profile. The VMRs of the investigated species are computed by assum-
ing that the elemental abundances all vary with the same metallicity value. The reason for this
approximation is that spectra with very high S/N would be needed to successfully determine the

abundances of individual species, a task that may be addressed in future studies.

We point out that our forward model approximates the VMRs of the different species by assuming
equilibrium chemistry. Fossati et al. (2021) on the other hand suggested that nonlocal thermody-
namic equilibrium (NLTE) may play an important role in the upper atmospheres of UHJs. NLTE
is expected to alter the population levels and thus the VMRs of different chemical species. For

example, NLTE is predicted to strongly affect the population levels of Fe by lowering the VMR of
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Figure 4.11.: Temperature curves from the retrievals including all the detected chemical species and orbital phase
coverage. Left panel: median of the sampled temperature profiles with the 1o interval. The dark blue line indicates the
temperature profile computed using all the spectra outside the RV interval +uv,, sin i.. We also measured the temperature
profiles by running the retrieval on two subsets of the spectral time series. The T-p profile inferred from the spectra far
from secondary eclipse is indicated in pink, while that inferred from the spectra close to eclipse is in light blue. Right
panel: orbital phase intervals used to compute the different 7-p profiles (orbital phases in the RV range +uv,o sini, in
transparent dark blue).

Fe 1in favor of Fe n. The alteration of the population levels has important consequences for the
amplitude of the planetary emission spectrum, the strength of atmospheric absorption of incoming
stellar light, and therefore on the atmospheric 7-p profile. Given the great importance of Fe in the
thermal inversion layers of UHJ atmospheres, future consideration of NLTE effects will increase

the reliability of atmospheric retrievals.

We find that the spectral emission lines are significantly broadened. The retrieved Gaussian broad-
ening profile has a standard deviation of vproag = 1.9 = 0.3 km s, corresponding to a full width at
half maximum (FWHM) of 4.5 + 0.7kms~!. The thermal and pressure broadening information
is already included in the forward model via the opacities of the radiative transfer calculation.
Therefore, vpr0aq is expected to account only for the broadening effects from atmospheric dynamics
and the rotation of the planet. In particular, rotational broadening is supposed to affect the spectral
line width, given the high rotational velocity of ~ 7 kms~! at WASP-33b’s equator when assuming
tidal locking. The line broadening from our retrieval is lower than that expected from a plane-
tary sphere where the flux is emitted homogeneously over its entire surface, which would yield
a FWHM of ~9kms~!. We calculated this rotational broadening value with the PyAstronomy
software package (Czesla et al. 2019). The retrieved line broadening therefore suggests that most
of the contribution to WASP-33b’s emission spectrum may originate from the hottest region of the

planetary atmosphere, which is located close to the substellar point.

We tested whether our method is capable of detecting the presence of spectral line broadening.
To this end, we applied our retrieval method to synthetic data. We first took the model spec-

trum without additional broadening as shown in Fig. 4.8. We then broadened the spectrum with
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Figure 4.12.: Comparison between model spectra including (top panel) and not including (middle panel) H™ opacity.
We used the emission lines of all the detected chemical species (i.e., Ti 1, V 1, OH, Fe 1, Si 1, and Ti 1). The difference
between the models is insignificant (bottom panel). Therefore, including H™ in the calculations would not affect our
results significantly.

Ubroad = 2km s~!. Sequentially, we injected random white noise with different uncertainty levels to
the model spectrum and performed the retrieval. We found that the correct broadening velocity can
be retrieved even with the noise level of ten times the uncertainties of our observations (Fig. 4.15).
We therefore conclude that the quality of the observational data used is good enough to allow an

appropriate determination of the spectral line broadening with our retrieval method.

4.6.2.2. Phase resolved retrieval

The observer’s line of sight aligns with different geographical longitudes of the planet as a function
of the orbital phase. Consequently, different regions of the planetary atmosphere are expected to
contribute to the observed signal during our observations. Performing the retrieval on subsets of
the spectral time series that correspond to different orbital phase intervals will allow us to study

the physical conditions at different longitudes in the planetary atmosphere.

To perform a phase resolved retrieval, we subdivided the spectral time series into two subsets
for calculating the master residual spectra. One subset corresponds to the spectra close to the
secondary eclipse when the dayside hemisphere faces the observer. The other subset consists of
the spectra far from the secondary eclipse, and therefore contains the information from regions of
both the planetary day- and nightsides. The orbital phase coverage of the two subsets is illustrated
in Fig. 4.11. To avoid any interference with residual stellar lines, only the spectra at orbital phases

outside the RV interval v, sin i, were used.
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4. Atmospheric characterization of the ultra-hot Jupiter WASP-33b

Table 4.5.: Atmospheric retrieval results on WASP-33b.

Parameter ~ All spectra  Close to eclipse  Far from eclipse Fe1 Tiit+Tin Vi Unit
T, 3981+213 4157437 36827302 3985+1¢7 4386*333 4985+713 K
log p1 -5.124003 ~5.66") 09 —4.54+19 ~4.62+0-38 -6.41+09 -5.26*03%  log bar
T> 34247197 3525+ 2831%583 3459+20° 34974253 1949+772 K
log p> -3.08*0%7 -3.05*0%2 —2.717097 -3.317033 -2.93703 -3.02%02  log bar
[M/H] 1.49+083 1467113 1237098 149 (fixed)  1.49 (fixed)  1.49 (fixed)  dex
Dbroad 1.9+0.3 2.1%52 1740 24402 1.6+0.8 L7458 kms™!
Bev 0.841+£0.002 0.842+0.002  0.842+0.002 0.842+0.002 0.842+0.002 0.844 +0.002

Ben 0.641 £0.002  0.639 + 0.002 0.63970002  0.641 £0.002 0.641 £0.002 0.640 + 0.002

Bu 0.795+0.001  0.800+0.001  0.789+£0.001  0.795+0.001 0.795+0.001 0.798 +0.001

Be 1.122£0.002 1101 £0.002  1.155+0.002 1.122+0.002 1.122+0.002 1.124 +0.002

Notes. In total, we ran six different retrievals. Three retrievals were performed with the spectral lines of all the detected
species (i.e., Ti1, V 1, OH, Fe 1, Si 1, and Ti m). We used (i) all the spectra, (ii) a subset of spectra at orbital phases close to
the secondary eclipse, and (iii) a subset of spectra far from the secondary eclipse. Another three retrievals were performed by
including all the spectra, but only with the emission lines of (iv) Fe 1, (v) Ti 1 + Ti m combined, and (vi) V 1, respectively. We
conducted the retrievals by using uniform priors with the boundaries as follows. T and T»: 1000 to 6000 K; p; and p»: 1077
to 1 bar; [M/H]: -3 to 3 deX; tproaq: 0 to 10 km ml_“mo,\:mozvm:, and Bg: 0 to 3.
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4.6. Retrieval of the atmospheric properties

The posterior distributions of the fit parameters are shown in Figs. 4.16 and 4.17. Figure 4.11
compares the T-p curves obtained from the two subsets with the thermal profile obtained from all
the spectra. A more detailed overview on the T-p profiles is also shown in Fig. 4.21. Depending
on the pressure level, the thermal profiles calculated from the two spectral subsets differ by about
300K to 700K, and the profile determined from all the spectra lies between the two. We find
that the spectra close to the eclipse deliver a hotter temperature profile in comparison to those far
from the eclipse. As the retrieved temperature profile corresponds to the average T-p curve of the
visible hemisphere, this is consistent with the expectation of a temperature gradient away from the
substellar point. Close to the secondary eclipse, mainly the dayside is facing the observer, leading
to a hot average temperature profile. However, for spectra far from the secondary eclipse, the
terminator region and a significant fraction of the cooler nightside are aligned with the observer’s

line of sight, resulting in lower atmospheric temperatures being measured.

The values of [M/H] and vp0aq Obtained for the two spectral subsets are consistent. We note a trend
that spectra far from the secondary eclipse are less affected by line broadening than spectra near
the eclipse. This is a reasonable result because far from the secondary eclipse, a significant fraction
of the planetary disk that faces the observer is not illuminated by the host star. The nonilluminated
planetary atmosphere is not expected to significantly contribute to the emission signal, decreasing
the impact of the rotational line broadening. The dependence of the line broadening from the
orbital phase can also be recognized when considering the CCF trail in Fig. 4.9, showing an
increased width of the CCF toward the secondary eclipse. However, we note that the retrieved
Ubroad Values should be compared with caution because of the relatively large uncertainties. All

results of the phase resolved retrieval are listed in Table 4.5.

4.6.2.3. Retrieval of individual species

To compare the temperature profiles probed by individual chemical species, we ran retrievals for
Ti, V, and Fe. These are the species with the most prominent detections in Sect. 4.5.3. Retrieving
the T-p profile for the individual species also allows us to test the consistency of the results of our
method. We set [M/H] to the previously determined value of 1.49 dex (cf. Sect. 4.6.2.1), because
the metallicity was poorly constrained when leaving it as a free parameter. For the Ti retrieval,
we included the opacities of both Ti 1 and Ti 1. As we were not able to constrain the presence
of V i and Fe 1 by cross-correlation, only V 1 and Fe 1 were included in the other two retrievals,
respectively. We used the spectra with a planetary RV outside vy sin i, for the retrievals including
Ti m and Fe 1, which are affected by residual stellar lines. For V 1, we included all the out-of-
eclipse spectra because we did not find any significant residuals of stellar V 1 lines. The posterior
distributions of the fit parameters are shown in Figs. 4.18-4.20. Figure 4.13 compares the retrieved
T-p profiles and a detailed overview is provided in Fig. 4.22. All results are summarized in
Table 4.5.

For Fe 1, the parameters are well constrained and almost perfectly match the results from the

retrieval that uses all the species in Sect. 4.6.2.1. We attribute this similarity to the larger number
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Figure 4.13.: T-p profiles retrieved with the lines from individual chemical species and VMRs as a function of tem-
perature. Top panel: temperature profiles retrieved from the Ti 1 and Ti 1, V 1, and Fe 1 emission lines. We report the
median of the sampled temperature profiles and the 1o interval. Bottom panel: chemical equilibrium VMRs of Ti 1,
Tim V1,V Fe 1, and Fe 1 as a function of temperature. We set [M/H] to the retrieved value of 1.49 dex; the pressure
is set to 107 bar. Ti and V are expected to undergo stronger ionization than Fe.

of Fe 1lines when compared to that of all the other species. This also suggests that the retrieval that
includes all the species is mainly driven by the Fe 1 lines. Also, the T-p profile from Ti 1 and Ti 1t
is in agreement with the retrieval result of all the species. The retrieval yielded a well constrained
set of fit parameters, albeit at a somewhat lower precision than for Fe 1. This is probably caused
by the lower number and decreased strength of the Ti 1 and Ti 1 spectral lines in comparison to
the Fe 1 emission signature. The fact that retrievals for independent species achieve consistent
results demonstrates the reliability of our method and gives confidence to the calculated parameter

values.

The posterior distributions of the V 1 retrieval provide a significantly poorer constraint of the
atmospheric parameters. This results in extended uncertainties of the T-p profile in the lower and
upper planetary atmosphere. In view of the relatively low detection significance and the scarce
number of features in the V 1 model spectrum in Fig. 4.3, this agrees with our expectations. While
the temperature profile inferred from V 1is close to that derived from Ti 1/Ti m and Fe 1in the upper
planetary atmosphere, we find a deviation at pressures higher than 1073 bar. Apart from the large

uncertainties, the interpretation of this difference is unfortunately difficult, because both physical
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and method-dependent effects can cause the observed discrepancy. One possible scenario could be
that the individual species are confined to different regions in the planetary atmosphere, and each
has its own temperature profile. Figure 4.13 shows the chemical equilibrium VMRs of Ti 1, Ti 1,
V1, V1, Fe 1, and Fe 1 as a function of temperature. We consider a pressure level of 107 bar,
which corresponds to the location of the thermal inversion layer. The VMRS of Ti 1 and Ti 1 show
a similar pattern when compared to that of V 1and V m, respectively. The colder temperatures
probed by V 1 at higher pressure levels could therefore be explained by a lower abundance of the
species than assumed by our method. In this case, the hottest region of the planetary atmosphere
would be depleted by V 1due to ionization and the hypothesized low abundance. Therefore, the V 1
signature would encode mainly the information from the coolest regions of the planetary dayside,
leading to a more moderate T-p profile. The nominal abundance of Ti 1 and the inclusion of Ti 1t
would instead allow information from the entire dayside atmosphere to be considered, resulting
in a hotter T-p profile. Alternatively, the use of oversimplified modeling of the VMRs could
prevent an accurate estimation of the temperature profile for individual species. If the equilibrium
chemistry assumption is not met, this could result in a poorly constrained temperature curve due
to the degeneracy between temperature and VMR. Also, an oversimplification of the 7-p model
used and the presence of horizontal variations of the temperature profile from the substellar point
to the nightside could explain the discrepancy measured. Spectra with increased S/N, the inclusion
of nonequilibrium chemistry, and the use of a more comprehensive T-p model will enable us to

better understand the information encoded in the spectral signature of individual species.

4.7. Conclusions

We used observations from the high-resolution spectrographs CARMENES, HARPS-N, and ES-
PaDOnS to analyze the thermal emission spectrum of the UHJ] WASP-33b. A joint analysis of
the data from the three instruments allowed us to investigate the planetary emission spectrum over
an extended wavelength range from the near-ultraviolet to the NIR (3700—17 100 A). We applied
the cross-correlation technique to extract the faint spectral signature of the planetary atmosphere
from the observations. This analysis led to the first detection of the emission signature of Ti 1 and
V 11in an exoplanet atmosphere, as these two species had previously been detected exclusively by
transmission spectroscopy. Also, we detected a tentative emission signal of Ti . These detections
are an important finding, given the frequently observed depletion of Ti- and V-bearing species in
the atmospheres of UHJs. Moreover, we confirmed the presence of OH, Fe 1, and Si 1 detected by
previous studies. No significant signature from the ionic species V 1, Fe 1, or Si i could be found
in our spectral time series. The identification of spectral emission lines unambiguously proves the
presence of a thermal inversion layer in the dayside atmosphere of WASP-33b, which is in line

with theoretical work on highly irradiated planetary atmospheres.

We conducted a retrieval for the atmospheric T-p profile, the elemental abundances, and the spec-

tral line broadening. The retrieval was performed using the data from all three instruments to-
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4. Atmospheric characterization of the ultra-hot Jupiter WASP-33b

gether. For this purpose, we forward modeled the emission lines of all the detected species via the
radiative transfer code petitRADTRANS and assumed equilibrium chemistry. Compared to other
UHIJs (e.g., WASP-189b, KELT-20b/MASCARA-2b), our retrieval results in a relatively weak
thermal inversion that extends roughly from 3400K to 4000K at pressures near 107> bar and
107 bar. We determined super-solar elemental abundances around 1.5 dex in the upper planetary
atmosphere and found a spectral line broadening with a Gaussian FWHM of about 4.5kms™'. By
running the retrieval on two distinct subsets of the spectral time series, we obtained temperature
profiles that differ by 300 K to 700 K. This confirms the expectation that the temperature is higher
on the planetary dayside than on the nightside. We also performed the retrieval for different chem-
ical species individually. The temperature profiles from Ti 1/Ti m and Fe 1 are in good agreement
with the overall result from all the species. However, the T-p profile of the V 1 signature slightly
deviates from that of the other species. We suggest that a V 1-depleted planetary atmosphere could

explain the measured discrepancy between the 7-p profiles.

Our work shows that high-resolution emission spectroscopy offers the possibility to study the
physical conditions in UHJ atmospheres in great detail. Further progress on atmospheric retrievals
will be achieved by deploying more sophisticated spectral forward models, increasing the number

of species included, and expanding the orbital phase coverage of UHJ observations.
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Figure 4.14.: Posterior distributions of the atmospheric parameters from our retrieval. We used the emission lines of
all the detected species (i.e., Ti1, V 1, OH, Fe 1, Si 1, and Ti m).
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Figure 4.16.: Same as Fig. 4.14, but considering only the spectra close to the secondary eclipse.
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Figure 4.17.: Same as Fig. 4.14, but considering only the spectra far from the secondary eclipse.
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Figure 4.18.: Same as Fig. 4.14, but computed with the opacities from Fe 1 only. The metallicity was fixed to
[M/H] = 1.49 dex.
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4.9. Appendix B) Thermal profiles
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Figure 4.21.: Retrieved T-p profiles using the spectral lines of all the detected chemical species (i.e., Ti1, V1, OH, Fe 1,
Si 1, and Ti ). The left panels show the retrieved two-point T-p profiles with the respective uncertainties. Examples of
the 7-p profiles that were sampled when running the MCMC method are indicated in gray. The right panels show the
median of the sampled temperature profiles and the 1o interval. The panels from top to bottom show the temperature
profiles obtained using all the spectra, a subset of spectra close to the secondary eclipse, a subset of spectra far from the
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Figure 4.22.: Same as Fig. 4.21, but for individual chemical species. The panels from top to bottom show the tempera-
ture profiles obtained with the emission lines of Fe 1, Ti 1 and Ti i, V 1, and a comparison of the three T-p curves.
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5. Conclusions

We used high-resolution Doppler spectroscopy to investigate the physical and chemical conditions
in the atmospheres of the two UHJs WASP-33b and KELT-20b/MASCARA-2b. In this chapter,
we summarize the main results and conclusions of our work and provide an outlook for future

studies on strongly irradiated exoplanet atmospheres.

5.1. Summary

In this thesis, we present studies on the signature of different chemical species in the thermal
emission spectra of exoplanets. The outcome of our studies enables us to draw conclusions about
the physical and chemical conditions in their atmospheres. Most of the identified species are
considered as strong absorbers of incoming stellar radiation that promote the formation of so-
called temperature inversion layers in highly irradiated planetary atmospheres. These types of
temperature profiles in which temperature increases with altitude have been predicted by theoret-
ical work (e.g., Hubeny et al. 2003; Fortney et al. 2008; Lothringer et al. 2018; Garcia Mufioz &
Schneider 2019) and were recently observed in a number of UHJs (e.g., Pino et al. 2020; Yan et al.
2020; Kasper et al. 2021). In our studies, we employed a custom reduction pipeline based on the
cross-correlation technique to extract the emission signature of the planetary atmosphere from our
spectral observations. This technique maps the planetary emission lines onto a single peak, en-
abling the identification of the faint spectral signature from the planetary atmosphere. Moreover,
we implemented a retrieval framework to fit the planetary spectral signature with parametrized

model spectra.

In Chapter 2, we investigated the dayside emission spectrum of the UHJ WASP-33b using high-
resolution spectra from CARMENES VIS and HARPS-N. The study led to the detection of Fe 1,
evidence for TiO, and proved the presence of a thermal inversion layer in the dayside atmosphere
of the planet. The signals of Fe 1 and TiO were found to require distinct atmospheric temperature
profiles and differ in their line broadening. Also, we found an offset in the measured Doppler-
shift between the Fe 1 and TiO signals. A toy model was able to explain the observed differences
between the signals of the two species when assuming the presence of a TiO-depleted hot spot
and a super-rotating atmosphere. Hence, an important finding of this study is the indication of a

three-dimensional chemical structure in the dayside atmosphere of WASP-33b.
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In Chapter 3, we show a study of the high-resolution thermal emission spectra of the two UHIJs
WASP-33b and KELT-20b/MASCARA-2b in the NIR range with CARMENES. Applying the
cross-correlation technique allowed detecting the signature of atmospheric Si 1 in the spectra of
both planets, thereby leading to the first discovery of this species in exoplanet atmospheres. The
detection of Si 1 is an important finding since Si plays a fundamental role for cloud formation in

exoplanet atmospheres (Gao & Powell 2021).

Chapter 4 presents an in-depth analysis of the high-resolution emission spectrum of WASP-33b.
We used observations from CARMENES VIS and NIR, HARPS-N, and ESPaDOnS, covering an
extended wavelength range from the near-ultraviolet to the NIR. The study led to the first detection
of the Ti 1, Ti m, and V 1 signatures via emission spectroscopy. Detecting these species is a sig-
nificant discovery as Ti- and V-bearing species have been found to be depleted in the atmospheres
of several other UHJs (Merritt et al. 2020; Hoeijmakers et al. 2020b; Yan et al. 2022b). Our
analysis further revealed the presence of OH, which is likely produced by H,O photolysis in the
strongly irradiated planetary atmosphere. Moreover, the prior detections of Fe 1 and Si 1 presented
in Chapters 2 and 3 were confirmed. In our study, we ran a Bayesian retrieval for measuring the
atmospheric temperature profile, the chemical abundances, and the spectral line broadening. The
retrieval detected the presence of a thermal inversion layer and super-solar elemental abundances
in the planetary atmosphere. In addition, we proved the presence of a significantly broadened
line profile that is likely caused by the fast planetary rotation. By performing a phase resolved
retrieval, we found a temperature profile that is cooler when the planetary terminator region is
aligned with the observer’s line of sight in comparison to the temperature profile measured when
the planetary dayside faces the observer. Finally, we conducted individual retrievals for different
chemical species, each resulting in temperature profiles that mostly agree with the overall retrieval

result.

5.2. Discussion and conclusions

5.2.1. Methodology

In this work, we used several methods to reduce the data and extract information on exoplanet
atmospheres from the high-resolution spectra. In the studies presented in Chapters 2, 3, and 4,
these routines comprise removing the telluric and stellar lines from the normalized and outlier-
corrected raw spectra and thereafter, mapping the weak planetary spectrum to a single peak using
the cross-correlation method. Moreover, in Chapter 4 a Bayesian retrieval framework is used
to fit the high-resolution exoplanet spectra to a parametrized model spectrum. Similar routines
and methods are widely used in the literature on exoplanet atmospheres and have been improved
considerably in recent years. In the following, we summarize the challenges and give the main

conclusions related to the methodology used in this thesis.
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5.2.1.1. Sensitivity of the detected signal to masking routines

Wavelength intervals of the high-resolution spectra with strong contamination by telluric absorp-
tion and sky emission lines are masked in the pre-processing step of the data analysis as these fea-
tures cannot be efficiently removed by SYSREM. In the studies presented in this thesis, we masked
all pixels with a flux smaller than 20% of the spectral continuum level. Other studies in the liter-
ature apply alternative flux thresholds to mask the telluric contamination (e.g., flux level of 40%;
Landman et al. 2021). Analogously, a variety of different criteria can be applied to identify and

mask prominent sky emission lines, which are mostly present at NIR wavelengths.

Different routines for masking the sky emission lines were employed in Chapters 3 and 4 in order
to detect the spectral signature of Si 1 in the CARMENES NIR data. In Chapter 3, the masking
routine was based on a fixed threshold (e.g., Stangret et al. 2020). On the other hand, in Chapter 4
the sky emission lines were visually identified and masked (e.g., Nugroho et al. 2021). These
two different methods resulted in masked wavelength regions that overlap but comprise a differ-
ent number of wavelength bins. Overall, we masked ~ 9% and ~ 17% of the total pixel number
to remove the strongest telluric absorption and sky emission lines, respectively. The number of
masked wavelength bins affects the number of detectable spectral lines of the exoplanet atmo-
sphere. Therefore, the smaller number of masked wavelength bins in Chapter 3 causes the slightly
higher detection strength of Si 1in comparison to Chapter 4. The S/N values are measured as 4.8

and 4.4 in Chapters 3 and 4, respectively.

The deviating detection strengths of Si 1 obtained from the same dataset with different masking
routines show that cross-correlation analyses are sensitive to the applied data reduction methods.
Apart from the different detection strengths, the S/N maps of Si 1 in Chapters 3 and 4 are con-
sistent as they show an identical noise pattern and a S/N peak at the same coordinates. Hence,
we conclude that the results of our Si 1 analyses are robust. Apart from the example of the Si 1
detection presented here, the validation of cross-correlation results with different pre-processing

settings can generally increase the reliability of exoplanet atmosphere studies.

5.2.1.2. Removal of telluric and stellar lines

A challenging data reduction step of high-resolution spectroscopy is the removal of the absorption
lines from the Earth’s atmosphere and the spectral features from an exoplanet’s host star. In our im-
plementation of this step, we used SYSREM, a PCA algorithm (Tamuz et al. 2005). When applying
this algorithm, the telluric and stellar lines are efficiently removed from the spectra. In a first step,
this procedure comprises computing a forward model of the telluric and stellar lines with SYSREM.
Subsequently, the forward model is used to remove the information of the telluric contamination
and the stellar lines from the data. In our work, we have tested two approaches for removing the
telluric and stellar lines. In Chapter 2, we applied SYSREM in the standard way, which consists of
subtracting the forward model from the spectra (e.g., Nugroho et al. 2017; Alonso-Floriano et al.

2019). Alternatively, in Chapters 3 and 4, we divided our forward model out of the high-resolution
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spectral data (e.g., Merritt et al. 2020; Yan et al. 2020). We found that dividing the spectra with
the SYSREM model or subtracting the model from the data yielded comparable cross-correlation
peaks in the S/N maps when the same spectral template was used. For example, the Fe 1 detec-
tion strengths! obtained with the two methods in Chapters 2 and 4 are close to each other. We
note, however, that the relative depth of the planetary spectral lines is preserved in the presence
of strong telluric contamination only by division with the SYSREM model. The preservation of the
relative line depth is required when using retrieval frameworks (e.g., Gibson et al. 2020) and thus,

we stress the use of this procedure in future applications.

Since the SYSRENM algorithm is applied iteratively, another critical aspect is the selection of the op-
timal iteration number. At small iteration numbers, the algorithm mainly models the telluric and
stellar lines, and only slightly considers the presence of the planetary spectral signal. However,
at higher iteration numbers, SYSREM increasingly accounts for the faint planetary spectral lines.
Consequently, at an optimal iteration number, the telluric and stellar contamination is most effi-
ciently removed, while the planetary signal is insignificantly affected. Several works, including
the studies presented in Chapters 2, 3, and 4, have assumed that the SYSREM iteration with the opti-
mal removal of telluric and stellar lines corresponds to the one with the highest detection strength
(e.g., Stangret et al. 2020; Nugroho et al. 2020a). Alternatively, also signal-independent proce-
dures for obtaining the optimal iteration number have been applied. For instance, Herman et al.
(2022) have determined the optimal SYSRENM iteration number as the value after which the root
mean square of the spectral matrix does not decrease noticeably with additional iterations. On the
other hand, Kesseli et al. (2020) have applied injection-recovery tests and selected the optimal iter-
ation number as the one that maximizes the recovered signal from an injected model spectrum. In
this thesis, we followed a conservative approach and assumed a common optimal iteration number
for all spectral orders. Alternatively, some studies optimize the iteration number for each spectral
order independently (e.g., Nugroho et al. 2017; Sanchez-Lépez et al. 2019). This approach has
the advantage of taking into account the wavelength dependency of contamination with telluric
and stellar lines. However, we caution that the order-by-order optimization of the SYSREM itera-
tion number, if not done carefully, may artificially enhance the detection strength by maximizing

well-placed noise patterns in the S/N map.

In summary, various approaches of using SYSREM enable the removal of telluric and stellar lines
from high-resolution spectra. The different procedures of applying SYSREM offer the possibility to
increase the robustness of exoplanet studies as consistent outcomes of the different approaches are
an indicator for appropriate removal of the telluric and stellar lines. The exploration of other tech-
niques, such as fitting with Molecfit (Smette et al. 2015) and stellar model spectra, may provide
additional approaches for isolating exoplanet spectra from the signal of the Earth’s atmosphere
and the stellar host.

! The detection of Fe 1in Chapter 2 includes data from CARMENES VIS, HARPS-N, and ESPaDOnS (S /N =7.3).
In Chapter 4, the detection of Fe 1 results from the same data but with additional spectra from CARMENES NIR
(S/N =17.9). Exclusion of the CARMENES NIR spectra from the analysis in Chapter 4 results in an insignificant
change in the results (S/N =7.5), but allows comparison of the two methods of applying SYSREM.
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5.2.1.3. Spectral line lists

Spectral line lists play a fundamental role for calculating the model spectra used in the cross-
correlation analysis and for atmospheric retrievals. Our study in Chapter 2 suggests that the
precision of these lists is critical for the correctness of conclusions drawn from high-resolution
observations of planetary atmospheres as inaccurate line positions can falsely indicate the absence
or depletion of chemical species (Flowers et al. 2019). Particularly, the line lists of diatomic transi-
tion metal molecules, such as TiO and VO, suffer from significant inaccuracies as their calculation
is computationally difficult (McKemmish et al. 2019). Resolving and studying the spectral lines of
these molecular species with high-resolution spectroscopy, however, is needed to further improve

our understanding of the thermal structure, chemistry, and dynamics in UHJ atmospheres.

Validating the high-resolution line lists prior to their use for recovering the signal of chemical
species can mitigate the limitations caused by inaccuracies in the line positions. A frequently used
method for validation is cross-correlating a spectral model based on the line list in question with
an observed high-resolution stellar spectrum that is known to exhibit the modeled spectral features
(e.g., Hoeijmakers et al. 2015). Consequently, wavelength ranges with an insufficient accuracy
of the line positions can be excluded from studies on exoplanet atmospheres. For example, the
validation of the TiO line list and the subsequent removal of biased wavelength ranges from our
analysis in Chapter 2 represents a critical step in finding evidence for the presence of this species in
the atmosphere of WASP-33b. A similar approach was also applied by other studies for detecting
TiO and OH in the spectrum of the same planet (Nugroho et al. 2017, 2021). We suggest that
line list dependent effects may be an explanation for the rare detections and conflicting results
of studies focusing on diatomic transition metal molecules with high-resolution spectroscopy. To
date, only a few detections of TiO have been made, and other metal oxides and hydrates could
not so far be detected at all using high-resolution spectroscopy. Theoretical work suggests the
presence of these species in the atmospheres of strongly irradiated exoplanets and identifies them

as key players for the planetary energy balance (Hubeny et al. 2003; Fortney et al. 2008).

5.2.1.4. Model spectra

Retrieving the faint signature of exoplanet atmospheres from spectral observations requires the
calculation of planetary model spectra. The most advanced procedure for computing these mod-
els includes the use of so-called general circulation models (e.g., Komacek et al. 2017; Flowers
et al. 2019). These models are capable of incorporating fluid dynamics, radiative transfer, and at-
mospheric chemistry, and can simulate the three-dimensional structure of exoplanet atmospheres.
The atmospheric structure assessed by general circulation models is subsequently processed by a
radiative transfer code. The main disadvantage of using these self-consistent models is the ele-
vated computational effort required for their calculation. On the other hand, an exoplanet model
spectrum can also be computed with a fixed underlying atmospheric structure that is described by

a restricted number of parameters (e.g., Molliere et al. 2019). The calculation of these spectral
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models requires a significantly lower amount of computing time, which is why these models are

widely used.

We have applied the latter method in Chapters 2, 3, and 4 to model the planetary atmosphere
and the corresponding emission spectra. However, the low computational effort comes with the
trade-off that the atmospheric conditions cannot be captured as detailed as with general circulation
models due to the use of a limited number of parameters and a simplified atmospheric structure.
Further, the parameters used in this approach are usually average quantities such as the mean tem-
perature profile, the mean chemical abundances, or the planetary surface gravity. Therefore, it is
challenging to use these models for in-depth studies of planetary atmospheres, for instance, to an-
alyze the variation of physical properties as a function of the location in the planetary atmosphere.
Using rather simple models also often ignores chemical disequilibrium effects, and the potential
presence of atmospheric clouds and hazes. We caution that oversimplification of the complex
physical reality in exoplanet atmospheres can bias the measured planetary signal. For example,
Beltz et al. (2022) showed that the high-resolution spectra of UHJ atmospheres can vary strongly
between different orbital phases as a result of the three-dimensional atmospheric structure of an
exoplanet, thereby leading to significant offsets in the recovered Doppler-shift. Consequently, a
careful evaluation of the applied simplifications is crucial when using exoplanet atmosphere mod-
els for the interpretation of observational data. In addition, the use of more sophisticated spectral

models may represent an appropriate approach for in-depth atmospheric characterization.

5.2.1.5. Atmospheric retrievals

Retrieval frameworks derive quantitative constraints on the physical and chemical conditions of
exoplanet atmospheres by fitting parameterized model spectra to observational data. The atmo-
spheric retrieval presented in Chapter 4 of this thesis shows the feasibility of combining obser-
vations from multiple high-resolution spectroscopy instruments. This combination offers the ad-
vantage of covering a wide wavelength range and thus, including the spectral lines of multiple
chemical species into the retrieval. Owing to the broad spectral coverage of the instruments in-
cluded, we were able to retrieve the spectral signature of ions, neutral atoms, and molecules, which
typically cover different wavelength ranges and are expected to probe distinct regions of the plan-
etary atmosphere. By targeting specific chemical species, their individual temperature profiles
can be determined, which in principle, allows for reconstructing their location in planetary atmo-
spheres. Including the spectral signature of a variety of chemical species can therefore advance

studying the chemical structure in exoplanet atmospheres.

Retrievals in the current literature focus on recovering the atmospheric temperature profile and
the mixing ratios of a number of chemical species (e.g., Brogi & Line 2019; Line et al. 2021).
However, a variety of additional parameters can be included into the spectral models used for
retrievals. This allows for a more comprehensive description of exoplanet atmospheres. For in-

stance, we included a parameter that accounts for excess broadening of the spectral line profile
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into our retrieval analysis in Chapter 4. In the current literature, spectral line broadening has not
been extensively investigated with retrievals, although this may allow the study of planetary ro-
tation (Snellen et al. 2014) and atmospheric circulation. Moreover, we have shown for the first
time the feasibility of using a retrieval for measuring the atmospheric temperature profile, spec-
tral line broadening, and elemental abundances at different orbital phases of an exoplanet. We
detected phase dependent changes in the atmospheric temperature profile and found indications
for a variable width of the spectral line profile. Our phase resolved retrieval therefore represents
a first step toward the exploration of the physical conditions as a function of the geographical
longitude and thus, in characterizing the three-dimensional atmospheric structure of exoplanets.
Consequently, retrieval studies range from simple investigations of the average thermal and chem-
ical conditions to more complex analyses, which can account for variable atmospheric conditions
at different geographical longitudes or involve global circulation. However, such in-depth charac-
terizations require a high degree of complexity in spectral modeling, which, in turn, puts a higher
demand on the available computational resources. Therefore, computationally efficient implemen-
tations of the spectral models are a major advantage for successfully employing retrieval codes in

interpreting high-resolution spectra of exoplanet atmospheres.

Finally, we point out that partial removal and distortion of the planetary spectral lines by SYSREM
must be considered when computing the spectral models used in atmospheric retrievals (e.g.,
Brogi & Line 2019). These effects are expected when the change of the planetary RV between
consecutive exposure frames is smaller than the velocity resolution of the detector pixels of the
spectrograph used (Birkby 2018). However, in this thesis SYSREM was applied exclusively to
high-resolution spectra of UHJs. These planets exhibit a rapid change in velocity along the ob-
server’s line of sight due to their short orbital periods. The rapid velocity change of UHJs allowed
us to choose spectral integration times such that the velocity shift between consecutive expo-
sures exceeded the pixel spacing of the spectrograph. The SYSREM algorithm was therefore not
able to identify the planetary spectral signature as a stationary feature in the observational data.
Consequently, the planetary spectral lines in our observations were mostly not affected by SYSREN,
and mimicking the effect of the algorithm was not required when computing the spectral models.
However, we caution that SYSREM may interfere with the planetary spectral signature in the more
general case of investigating exoplanets with a slower RV change than UHJs. In this case, post-
processing of the modeled spectra may be required after their generation with a radiative transfer

code.

5.2.2. Science

In this thesis, we present the detection of the emission lines of several chemical species in the
atmospheres of two UHJs. The analyses of their emission spectra allowed us to study the thermal
and chemical properties in the atmospheres of strongly irradiated exoplanets. In the following, we

draw conclusions and provide discussions on the scientific results of this work.
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5.2.2.1. Dominance of atomic Fe lines

In Chapters 2 and 4 of this thesis, we report the detection of Fe 1in the atmosphere of WASP-33b.
The signature of Fe 1 presents the most prominent detection peak among the chemical species
investigated in this work. This finding is in line with the significant detections of both neutral and
ionized Fe in the atmospheres of several other strongly irradiated planets (e.g., Hoeijmakers et al.
2018; Stangret et al. 2020; Yan et al. 2020). Moreover, Fe 1 represents the most frequently detected
species in the thermal emission spectra of UHJs (e.g., Pino et al. 2020; Nugroho et al. 2020a; Yan
et al. 2022b; Herman et al. 2022). The frequent detection is likely caused by the enhanced chemical
equilibrium abundance of Fe 1, combined with its prominent signature consisting of a dense forest
of spectral lines. Consequently, the detected signal and retrieved atmospheric parameters of UHJ

atmospheres are mostly determined by the spectral Fe 1 lines (e.g., Kasper et al. 2021).

The spectra of UHJs exhibit strong emission lines, which unambiguously prove the existence of
thermal inversion layers in their dayside atmospheres. The frequent observation of Fe 1 emission
lines suggests that the species is strongly involved in the heating mechanism required to maintain
these inversion layers. Theoretical work confirms this hypothesis and suggests that Fe 1 in combi-
nation with other atomic and ionic species plays an important role in the energy balance of UHJ
atmospheres (Lothringer et al. 2018; Fossati et al. 2021). Therefore, investigating the spectral
signature of Fe 1 allows us to constrain the thermal structure in the atmospheres of UHJs.

The abundance of atomic Fe is commonly used as a proxy for the stellar metallicity. In an anal-
ogous way, measuring the Fe 1 abundance of UHJ atmospheres can provide an estimate of the
planetary metallicity. In Chapter 4, we derived the metallicity for the atmosphere of WASP-33b
via a retrieval that is mainly driven by the strong Fe 1 spectral signature. We derived a super-
solar metallicity, which is in line with studies on other strongly irradiated planets (e.g., Sedaghati
et al. 2017; Nikolov et al. 2018). The metallicity of an exoplanet is an important observational
parameter because the comparison with the metallicity of the host star can provide insight into the

mechanisms of planet formation.

5.2.2.2. Discovery of Si as a novel chemical species

In Chapter 3, we present the discovery of Si 1 emission lines in the spectra of the two UHJs WASP-
33b and KELT-20b/MASCARA-2b. This study adds Si 1 as a novel chemical species to the known
atmospheric composition of UHJs. Our spectral models used for cross-correlation suggest that the
spectral features of the species are predominantly present at NIR wavelengths. This restriction to a
specific wavelength range is probably the reason why Si 1 has been overlooked in previous spectral
studies on atomic and ionic species, whose spectral lines are mostly limited to wavelengths shorter
than the NIR. Our chemical equilibrium calculations suggest that Si-bearing species other than Si 1
are widely present in the atmospheres of UHJs. Among these species, Si i1 and SiO are likely the

most abundant representatives. However, in view of the almost featureless Si m model spectrum of
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WASP-33b in Chapter 4, we caution that studying the signature of this species at near-ultraviolet,
VIS, and NIR wavelengths in UHJ atmospheres may be a challenging task. In contrast, a recent
low-spectral-resolution study on the exoplanet WASP-178b at shorter wavelengths provided strong

evidence for the presence of SiO in UHJ atmospheres (Lothringer et al. 2022).

Theoretical work predicts that Si-bearing species play a fundamental role in the formation of sil-
icate clouds on planetary nightsides (Gao et al. 2020). Also, the relatively low nightside tem-
peratures measured in the atmospheres of several strongly irradiated planets and the observa-
tion of muted spectral features hint toward the presence of these clouds (Gao & Powell 2021).
Consequently, silicate clouds are expected to critically influence heat transport processes and thus,
the energy balance in exoplanet atmospheres. Future measurements of the occurrence and abun-
dance of the most important Si-bearing cloud precursor species in UHJ atmospheres may there-
fore improve our understanding of clouds and rain-out processes of refractory species on planetary

nightsides.

5.2.2.3. Depletion of Ti and V

Observational studies at high spectral resolution have led to the nondetection of Ti- and V-bearing
species in the spectra of several UHJs (e.g., Merritt et al. 2020; Tabernero et al. 2021). This
is a remarkable result, given that the presence of these species is predicted by theoretical work
(e.g., Hubeny et al. 2003; Fortney et al. 2008) and other refractory species, such as atomic Fe,
are present in their gaseous form in the atmospheres of the same planets (e.g., Yan et al. 2022b).
The lack of detection of TiO and VO can be partially attributed to inaccuracies in the line lists of
these species (e.g., McKemmish et al. 2019; Merritt et al. 2020). However, biased line lists cannot
explain the absence of the Ti 1, Ti m, V 1, and V 1 spectral signatures from UHJ observations
as the line positions of atomic and ionic metal species are known with high precision (Kurucz
2018). Consequently, depletion mechanisms likely remove significant amounts of these species
from the atmospheres of several UHJs. Cold trapping has been proposed as a possible explanation
for the observed depletion. This mechanism hypothesises nightside condensation and gravitational
settling, which leads to the removal of Ti and V in any form from the upper atmospheres of strongly

irradiated exoplanets (Spiegel et al. 2009; Parmentier et al. 2013).

The detections of Ti 1, Ti i, and V 1in Chapter 4 show that cold trapping of these species does not
significantly affect the atmospheric chemistry of WASP-33b. Together with the limited number of
detections of Ti- and V-bearing species reported in the literature, this result suggests that elevated
atmospheric temperatures favor the occurrence of refractory species. For example, our discovery
of Ti 1and Ti m in the atmosphere of WASP-33b (Teq ~ 2700 K) is consistent with the identification
of Ti u in the ultra-hot atmosphere of KELT-9b (Hoeijmakers et al. 2018; Teq ~ 4000 K) and the
detection of Ti 1, Ti 1, and TiO in the very hot atmosphere of WASP-189b (Prinoth et al. 2022;
Teq ~ 2600 K). On the other hand, the presence of the Ti 1 signal in the spectrum of the significantly
cooler planet HD 149026b (Ishizuka et al. 2021; Teq ~ 1700 K) presents a deviation from this trend.
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This indicates that physical parameters other than the temperature may also be relevant for the
occurrence of refractory species in the atmospheres of gas giant exoplanets. Further theoretical and
observational studies focusing on the role of Ti and V in the composition of hot giant exoplanets

will benefit our understanding of depletion mechanisms in highly irradiated atmospheres.

Finally, we point out that our work represents the first discovery of Ti 1, Ti 1, and V 1 using
high-resolution emission spectroscopy. Previous high-resolution detections of these species were
obtained exclusively via transmission spectroscopy (e.g., Kesseli et al. 2022; Bello-Arufe et al.
2022; Prinoth et al. 2022). Transmission spectroscopy probes the day-night terminators of ex-
oplanets, while emission spectroscopy mostly probes the spectral signature emerging from the
hotter planetary dayside. We therefore suggest that emission spectroscopy is particularly suit-
able for searching the spectral signature of Ti- and V-bearing species, whose presence is probably

favored by elevated temperatures.

5.2.2.4. Structure of exoplanet atmospheres

In this thesis, we have shown that emission spectroscopy is a powerful tool for characterizing the
thermal structure of exoplanet atmospheres. In particular, emission lines in the spectra of strongly
irradiated exoplanets provide unambiguous evidence for the presence of inverted temperature pro-
files in their atmospheres. Absorption of the incoming stellar radiation by metal atoms and their
ions, oxides, and hydrates is assumed to cause such inverted atmospheric profiles (e.g., Hubeny
et al. 2003; Fortney et al. 2008; Lothringer et al. 2018; Fossati et al. 2021). Our studies presented
in Chapters 2, 3, and 4 report the detection of the emission lines from atomic and ionic species as

well as molecules in the thermal inversion layers of two UHJs, which confirms this hypothesis.

Studying the spectral signature of individual chemical species allows drawing conclusions about
their distribution over the surface of an exoplanet. For instance, in Chapter 2 we present our finding
of a significant offset between the Doppler-shifts of the Fe 1 and TiO signals in the dayside spec-
trum of WASP-33b. Moreover, our cross-correlation model spectra require a hotter temperature
profile for Fe 1than for TiO to match the observational data. We hypothesize that an approximately
homogeneous distribution of Fe 1 and TiO-depletion via thermal dissociation in the dayside hemi-
sphere of the planet can explain these results. A similar situation has also emerged in our study
of the atomic species in the atmosphere of the same planet in Chapter 4. In this study, our re-
trieval yields a slightly cooler temperature profile for V 1in comparison to the profile of the other
chemical species studied. This result may indicate a reduced V 1 concentration in the hottest part
of the planetary dayside due to predominant ionization of the species. Besides our work, also in
the literature chemical gradients have been invoked to explain the observed offsets in the cross-
correlation peaks of different species detected in exoplanet atmospheres (e.g., Kesseli et al. 2022;
Sénchez-Lépez et al. 2022).

Different geographical longitudes of an exoplanet align with the observer’s line of sight as a func-

tion of the orbital phase. The variable alignment during the orbit of an exoplanet offers the pos-
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sibility to investigate the atmospheric conditions at different longitudes in planetary atmospheres.
In Chapter 4, we measured a temperature decrease from the substellar point toward the nightside
of WASP-33b by using a phase resolved retrieval, which confirms that the nightside of the planet
has cooler temperatures than the dayside. This result shows that state-of-the-art retrieval frame-
works are a powerful tool for the detailed investigation of planetary atmospheres. Recent studies
have increasingly focused on measuring physical and chemical conditions at specific geographical
longitudes in exoplanet atmospheres. For instance, a phase resolved retrieval has been carried out
by Brogi et al. (2022) on the emission spectra of the strongly irradiated planet WASP-18b, and
Gandhi et al. (2022) retrieved the conditions at the morning and evening terminators of the UHJ

WASP-76b via transmission spectroscopy.

Another detectable property of gas giant exoplanet atmospheres with elevated temperatures are
dayside to nightside winds, which are observed as a deviation of the spectral lines from the plan-
etary rest frame (e.g., Alonso-Floriano et al. 2019; Sanchez-Lépez et al. 2019). Our analyses of
the emission spectra of WASP-33b and KELT-20b/MASCARA-2b in Chapters 2, 3, and 4 could
not detect significant deviations from the planetary rest frame. Thus, we conclude that no strong
dayside to nightside winds are present in the atmospheres of the two planets. On the other hand,
we found the spectral signature of rotation and possible super-rotation based on the detection of
an additional blueshift and redshift before and after the secondary eclipse of WASP-33b, respec-
tively. Using spectral models that include the wind-induced Doppler-shifts into future studies may

advance the characterization of the global circulation in exoplanet atmospheres.

5.3. Outlook

In this thesis, we observed the emission spectra of two UHJs and characterized the thermal struc-
ture, chemistry, and dynamics of their atmospheres. Our results contributed to a deeper under-
standing of the two investigated targets and of UHJs in general. Future research can advance our
knowledge about exoplanet atmospheres and improve high-resolution spectroscopy methodolo-

gies.

In this work, we discovered the spectral signature of Si 1 in the atmospheres of two UHJs. Si 1,
Si i, and SiO are expected to account for the vast majority of Si inventory in the hot atmospheres
of giant exoplanets and are important silicate cloud precursor species (Gao & Powell 2021). Thus,
searching for and characterizing the spectral signatures of these Si-bearing species in the spectra
of several other UHJs could progress our understanding of atmospheric silicate clouds. Recently,
hints for the presence of SiO have been detected at low spectral resolution in a UHJ atmosphere
(Lothringer et al. 2022), but neither Si 1 nor SiO has been detected at high spectral resolution in
exoplanet atmospheres. The detection of Si 11 by either transmission or emission spectroscopy is
expected to be challenging due to the relatively faint spectral lines, but the signal from SiO should
have strong spectral features enabling a successful observation of the species in the near future.

On the other hand, this thesis presents the detection of atomic Ti and V in the dayside atmosphere
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of a strongly irradiated exoplanet. Ti- and V-bearing species are expected to be important drivers
for atmospheric thermal inversions (Hubeny et al. 2003; Fortney et al. 2008), but recent investi-
gations found the spectral signature of these species to be missing in the spectra of several UHJs
(e.g., Merritt et al. 2020; Tabernero et al. 2021; Yan et al. 2022b). Consequently, analyzing the
conditions for the presence of Ti and V in UHJ atmospheres could allow us to deepen our under-
standing of depletion mechanisms acting on these species. Future research could conduct a survey
of several hot giant exoplanets to investigate the presence of Ti 1, V 1, Ti 1, V 1, TiO, and VO
across a range of different planetary parameters. Such a survey could enable us to constrain the
relevant physical parameters and the thresholds at which these species rain-out from the gaseous
phase. The atmospheric thermal conditions are considered an important parameter in the deple-
tion of these species. However, according to recent observations (Ishizuka et al. 2021), we expect
that physical parameters other than the temperature also influence the occurrence of Ti and V in

exoplanet atmospheres.

In addition, spectroscopy methodologies need to be further developed to advance the success-
ful characterization of exoplanet atmospheres. Low-resolution spectra provide information on
the spectral continuum level, while high-resolution spectra encode the properties of the individ-
ual spectral lines (Gandhi et al. 2019). Thus, retrieval frameworks that combine low- and high-
resolution observations could significantly improve our abilities to extract information on exo-
planet atmospheres from spectroscopic data. In this thesis, we have made a first step toward this
direction by combining data from multiple high-resolution instruments covering different wave-
length ranges. A promising next step could be the inclusion of low- and medium-resolution data
from space-based observatories into our high-resolution retrieval framework. Spectroscopic data
of several UHJs available in the Hubble Space Telescope data archive could be used and James
Webb Space Telescope observations of strongly irradiated planets could be included in the near

future.

Thanks to next-generation telescopes and instruments, also planets other than hot Jupiters and
UHJs will become accessible for characterization via high-resolution spectroscopy in the future. In
the short-term, HiRISE (Vigan et al. 2018) will come operational, which is realized by coupling the
high-contrast exoplanet imager SPHERE (Beuzit et al. 2019) and the high-resolution spectrograph
CRIRES+ (Dorn et al. 2016) at the Very Large Telescope. This combination will allow us to
observe young giant exoplanets on wide orbits and enable their characterization for the first time
via high-resolution emission spectroscopy. Currently, these planets are observed exclusively at
low spectral resolution, thus revealing only unresolved spectral features. Investigation of these
targets with high-resolution spectroscopy could focus on measuring the planetary rotation and
atmospheric chemistry to gain insight into their evolution and formation history. In the mid-
term future, ground-based telescopes with aperture sizes up to approximately 40 m will enable
further advances in the study of exoplanet atmospheres. These telescopes are the Giant Magellan
Telescope (Johns 2008), the Thirty Meter Telescope (Nelson & Sanders 2008), and the Extremely
Large Telescope (Gilmozzi & Spyromilio 2007). The high-resolution spectrographs mounted at

these telescopes will significantly increase the sample of exoplanets accessible for atmospheric

120



5.3. Outlook

characterization, including the possible detection of features in the spectra of habitable-zone super-
Earths (Madhusudhan 2019). Moreover, the atmospheric structure and dynamics of gas giant
exoplanets will be characterized in unprecedented detail. The results of these analyses will lead to
a deeper understanding of the physics in their atmospheres and narrow the possible scenarios of
planetary formation. The emerging era of exoplanet science based on the use of extremely large
telescopes will benefit from the high-resolution methodologies currently applied to the planets
with the strongest signals, such as hot Jupiters and UHJs. The methods used in this thesis will

therefore contribute to solving challenging tasks in future exoplanet research.
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