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Abstract

In only three decades, mankind has gone from wondering if planets around stars different from the
Sun could exist, to the confirmed discovery of more than 5 700 of them, with more than 7 200 other
candidates yet to be confirmed. These extra-solar planets are called “exoplanets”.
Different techniques have been developed to discover exoplanets and many instruments operate both
from the ground and from the space to detect new exoplanets. In only 30 years, in addition to
discovering new exoplanets, we also started investigating the atmosphere of hundreds of them.

Studying exoplanetary atmospheres (“exoatmospheres”) is important, as it gives a fundamental
contribution to the exoplanet characterisation process. For example, the study of the chemical
properties of exoatmospheres can help to break possible degeneracies in the interior structure of
exoplanets. In addition, atmospheric characterisation plays a crucial role in constraining planetary
formation and evolution scenarios, since these processes leave imprints on the atmospheric composition
of a planet. Finally, it can allow us to probe the habitability of exoplanets and the possible presence
of biosignatures.

In the last 30 years, we discovered new classes of planets that are not present in the Solar System.
This is the case of sub-Neptunes, whose variegated interior composition has still to be completely
understood, and super-Earths, which are more massive versions of our planet. A new class of extreme
planets that has discovered is that of hot giant planets (HGPs), which are massive gaseous planets,
whose composition is dominated by H and He, with orbital periods Porb ≤ 10days. This category
includes hot Jupiters (HJs) and hot Neptunes (HNs), which are hot giant planets with a size similar
to that of Jupiter and Neptune, respectively.
Since these planets orbit very close to their host star, they receive an enormous quantity of stellar
radiation and their atmospheres reach temperatures T ≥ 1 000K (if their temperature is T ≥ 2 000K,
we talk about ultra-hot giant planets, UHGPs). Due to their hot and inflated atmospheres, HGPs
are ideal targets for atmospheric studies. Investigating their atmospheres is important because they
constitute a natural laboratory to probe planetary atmospheres with extreme chemical and physical
conditions, which cannot be found in the planets of the Solar System. In this way, they allow us to
test and improve our current planetary atmospheric theories under a broader range of atmospheric
conditions. Finally, the atmospheric study of HGPs is fundamental to improve our knowledge about
the formation and evolution mechanisms behind these extreme planets.

Different techniques have been developed to study exoplanetary atmospheres. Among them,
high-resolution spectroscopy demonstrated to be a very powerful technique to probe both the
transmission and emission spectra of the atmosphere of close-in giant planets. High-resolution
spectroscopy relies on the use of high-resolution spectrographs (spectral resolving power R ≥ 25 000)
to measure single atmospheric spectral lines and their associated Doppler shift, which allow us to
identify the chemical species that populate the atmosphere of an exoplanet in a very accurate way
and to probe atmospheric dynamical effects, such as atmospheric circulation.

This Ph.D. thesis is focused on the search and characterisation of the atmospheric signal of exoplan-
ets through the high-resolution spectroscopy technique. In particular, in this thesis, I present my
contribution towards an improved comprehension of exoplanetary atmospheres, achieved through the
analysis of the near-infrared (NIR) atmospheric transmission spectra of five HGPs, gathered with



the high-resolution spectrograph GIANO-B, mounted at the Telescopio Nazionale Galileo (TNG).
The first exoplanet analysed in this thesis is the warm Neptune HAT-P-11 b. The relatively

small radius and low atmospheric temperature of warm Neptunes, make them more difficult targets
for atmospheric studies than hot Jupiters. However, since HAT-P-11 b orbits a relatively bright
host star (V = 9.46 mag; H = 7.13mag), it is a valid target for atmospheric investigation. In
Chapter 3, we reviewed the physical and architectural properties of the HAT-P-11 planetary system.
Then, we report the results of the atmospheric analysis. The results show the presence of H2O and
NH3, and a tentative detection of CH4 and CO2, in the atmosphere of the target. These results
confirm the detection of H2O obtained at low resolution by previous studies and constitute the first
detection of NH3 in the atmosphere of a warm Neptune. We also suggest two possible chemical
scenarios that are more in accordance with the observations: the first model describes an atmosphere
in chemical equilibrium with super-solar metallicity and enhanced C/O and N/O ratios relative to
solar values. The second model describes an atmosphere with disequilibrium chemistry (i.e. NH3

vertical quenching), lower metallicity, and C/O and N/O ratios close to solar values
In the second work reported in this thesis, we show the atmospheric study of the two hot Jupiters

KELT-8 b and KELT-23Ab. In this analysis, we report the first detection of the atmospheric
signal of both targets, through the detection of H2O in both atmospheres. In this work, we also
report the first characterisation of the atmospheric chemical and physical properties of the two
planets, by performing two different atmospheric retrieval analyses in a Bayesian framework, for
each target. For both targets, we find an atmosphere rich in water vapour (from ∼ 0.1% to ∼ 1%, in
terms of volume mixing ratio) and put first constraints on the atmospheric metallicity and upper
limits on the atmospheric C/O ratio. Thanks to the retrieved information about the atmospheric
chemical composition, we suggest a possible formation scenario for each target. In particular, for
both planets, we suggest that the accretion of gaseous material occurred within the H2O snowline in
a pebble-rich disk, where the gas was enriched in oxygen due to the sublimation of water ice from
the inward-drifting pebbles.

Finally, the third analysis reported in this thesis is the atmospheric investigation of the two hot
Jupiters WASP-13 b and HAT-P-1 b. In this work, we search for the first time the atmospheric signal
of WASP-13 b and perform the first high-resolution investigation of the atmosphere at HAT-P-1 b.
With our preliminary analysis, we do not detect the atmospheric signal of the two targets. However,
in the case of WASP-13 b, we find a possible hint of the presence of CO.

Studying the atmosphere of HGPs helps us to refine our atmospheric investigation techniques,
also in view of when we will be able to study the faint signal of the atmosphere of Earth-like planets,
with future new-generation extremely large telescopes (e.g. the European Extremely Large Telescope,
E-ELT), to search for biosignatures.
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Chapter 1

Introduction

“The cosmos is also within us. We are
made of star-stuff. We are a way for
the cosmos to know itself.”

Carl Sagan

This Ph.D. thesis is focused on the study of extra-solar planet atmospheres with high spectral
resolution observations. In this first chapter, I will present an overview of the field of extra-solar
planets (“exoplanets”), starting with a description of the two most successful methods for detecting
them and the main properties of the known exoplanets. Then, I will describe the main chemical and
physical characteristics of their atmospheres and the principal observing methods employed to study
them, finishing with a dedicated section on the high-resolution spectroscopy technique.

1.1 The search for other worlds

One of the most ancient, deep, and fascinating questions human beings have always wanted to answer
is whether there is life elsewhere in the Universe. It was only about thirty years ago that mankind
started detecting the presence of extra-solar planets and studying their physical properties, moving
the first steps towards the answer. Indeed, it was 1992, when the first two exoplanets were discovered
around the pulsar PSR1257+12 (Wolszczan and Frail, 1992). Only three years later, 51Pegasi b,
the first exoplanet orbiting around a main-sequence star, was discovered (Mayor and Queloz, 1995),
giving official birth to the exoplanets field of research. In only thirty years, significant progress
has been made in terms of the number of detected exoplanets and the knowledge acquired about
planetary physics. To date, according to data from the NASA Exoplanet Archive1, the existence of
more than 5 700 exoplanets has been confirmed, with more than 7 200 candidates still to be confirmed.
As can be seen from Fig. 1.1, in the last decade the number of confirmed exoplanets has grown
exponentially, particularly due to the transit discovery method. Indeed, thanks to two missions
devoted to the exoplanets’ discovery with the transit method, namely the Kepler mission (Borucki
et al., 2010) launched in 2009 and the TESS mission (Transiting Exoplanet Survey Satellite; Ricker
et al. 2015) launched in 2018, more than 3 800 transiting exoplanets have been discovered in the
last 15 years. In Fig. 1.2, the confirmed exoplanets are reported in the mass-period diagram as a

1https://exoplanetarchive.ipac.caltech.edu/

1

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


1.1. The search for other worlds

function of the discovery method used. As it can be seen, even if different methods can be used to
discover an exoplanet, two of them are clearly the most successful, they are the radial velocity and
the transit method.

Figure 1.1: Cumulative number of exoplanets discovered per year from 1992 with different detection methods.
Data from the NASA Exoplanet Archive.

Figure 1.2: Mass-period distribution of the confirmed exoplanets (different colours represent different
detection methods). Data from the NASA Exoplanet Archive.

1.1.1 Two powerful methods to discover exoplanets

The radial velocity (RV) method, the first method used for discovering exoplanets orbiting main-
sequence stars (Mayor and Queloz, 1995), is based on measuring the reflex motion of the star induced
by the gravitational pull of the planetary companion. The periodic motion of the star can be detected
through the measurement of the Doppler shift of stellar lines: ∆λ

λ = v
c , with λ = a generic stellar line

wavelength, v = the velocity of the star projected along the line-of-sight (i.e. the radial velocity),
and c = the speed of light. According to Kepler’s equations, the periodic radial velocity (RV) of the
star can be described through a combination of the orbital and physical parameters of the planetary
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system in the following way:

RV = K⋆ · [cos(ν + ω⋆) + e · cos(ω⋆)] , (1.1)

with ν = the orbital true anomaly, ω⋆ = the stellar argument of periastron, e = the orbital eccentricity,
and K⋆ = the stellar radial-velocity semi-amplitude. The latter can be expressed as a function of
the orbital period Porb, the stellar mass M⋆, the planetary mass Mp, and the orbital inclination i:

K⋆ =

(
2πG

Porb

) 1
3

· Mp · sin(i)
(M⋆ +Mp)

2
3

· 1√
1− e2

, (1.2)

with G = the gravitational constant. In the reasonable assumption of M⋆ ≫ Mp, Eq. 1.2 can be
expressed in solar system units as:

K⋆ [m s−1] = 28.4 ·

(
Porb

1 yr

)− 1
3

·

(
Mp · sin(i)

MJ

)
·

(
M⋆

M⊙

)− 2
3

, (1.3)

with MJ = 1.898 · 1027 kg = Jupiter mass and M⊙ = 1.988 · 1030 kg = solar mass. If we take the
solar system as an example, an Earth-like planet (M⊕ = 5.972 · 1024 kg = Earth mass) at a distance
of 1 au, produces on the Sun a reflex motion with a maximum RV amplitude of ∼ 10 cm s−1. On the
other hand, a Jupiter-mass companion produces radial-velocity signals with an amplitude ∼ 10m s−1,
even at large orbital periods, because the larger the mass of the planet the larger the gravitational
pull on the star. This is why, as can be seen from Fig. 1.2, the radial-velocity method is most
sensitive to large-mass planets. Since with the RV technique, we are sensitive only to the motion
of the star projected along the line-of-sight, the strength of the signal depends also on the orbital
inclination of the planet. Indeed, there is a degeneracy between the planetary mass and the orbital
inclination: the RV stellar signal due to a planet with a high mass but with a low orbital inclination
is indistinguishable from the signal of a lower mass planet with a higher orbital inclination. Thus, RV
allows us to measure only a lower limit on the mass of the planetary companion, i.e. the minimum
mass Mmin, that is the term Mmin =Mp · sin(i) of Eq. 1.3. As it can be seen, with this method no
information about the planetary radius can be extracted.

The transit method, the most successful one (the first planetary detection is by Charbonneau et al.
2000 and Henry et al. 2000), is based on measuring decreasing in radiation flux of a star due to the
passage of a planet in front of its surface (i.e. a transit) that blocks part of the stellar light. In order
to detect a transiting planet, an alignment between the star, the planet, and the line-of-sight must
occur. Since planetary systems are randomly oriented through space, only a fraction of exoplanets
appears to transit in front of their host star. Keeping into account the geometry of the problem, the
probability p to observe the transit of a planet with a radius Rp in front of a star with a radius R⋆

is (Borucki and Summers, 1984):

p =
R⋆ +Rp

a · (1− e2)
≃ 0.005 ·

(
R⋆

R⊙

)
·

(
1 au
a

)
, (1.4)

where a = the semi-major axis of the orbit of the planet around the star, e = the orbital eccentricity,
R⊙ = 6.957 · 108 m = solar radius. The right side of Eq. 1.4 is valid in the case of circular orbit and
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R⋆ ≫ Rp. This equation explains why it is more probable to observe transits from planets at small
orbital separation (i.e. small period) from their host stars, as it can be seen in Fig. 1.2. The periodic
drop of the stellar flux (i.e. the transit depth, δ) in the stellar light curve, due to the transiting
planet, has a depth that depends on the relative projected area of the planet and the star:

δ =
R2

p

R2
⋆

. (1.5)

Therefore, large planets around small stars (i.e. large planet-to-star radii ratios) provide the largest
transit signals. For example, an Earth-like planet (R⊕ = 6.378 · 106 m = Earth radius) around a
Sun-like star produces a transit depth δ ∼ 0.008%, while a Jupiter-like planet (RJ = 6.991 · 107 m =
Jupiter radius) produces a δ ∼ 1% (in units of stellar flux). Since the transit phenomenon depends
on the geometrical configuration of the planetary system, from the study of the stellar light curve
during the transit it is possible to measure the planetary radius, knowing the stellar one, and to
extract information about the orbital parameters (e.g. the eccentricity, the semi-major axis, and
the inclination of the orbit), however, no information about the planetary mass can be extracted.
As it can be seen, only by combining the radial-velocity method and the transit method is possible
to break the mass-inclination degeneracy, and thus measure both the true mass and radius of an
exoplanet, allowing to make first hypotheses about the interior composition from the measurement
of the bulk density.

1.1.2 Population properties of exoplanets

The large number of discovered exoplanets and the comparative analysis of RV and transit surveys,
allow to perform population studies. For example, Howard et al. (2010, 2012) showed that the
planet-occurrence rate increases with decreasing mass and radius of the planet, indicating how smaller
planets (from 2 to 4R⊕) are more common than larger ones. It is worth noting that the number
of terrestrial planets is small (around 9% of the total), but the discovery of these smaller planets
remains biased by the fact that they are more difficult to detect. Johnson et al. (2010), Mortier et al.
(2012), Petigura et al. (2018) also showed how that the occurrence rate of giant planets increases
with the star metallicity and the orbital period. On the other hand, the occurrence of planets with
small radius and mass is mostly independent of stellar metallicity in FGK dwarfs (Courcol et al.,
2016, Sousa et al., 2019). One of the most interesting results in exoplanet-demographic studies is
that planets with radii larger than Earth but smaller than Neptune (1.0R⊕ < Rp < 3.9R⊕) are
the most common exoplanet type in the Kepler sample (Batalha et al. 2013) but are not present
in the solar system. Indeed, in the solar system, we can identify three main classes of planets: the
terrestrial planets, the gas giants, and the ice giants. Mercury, Venus, Earth, and Mars belong to the
first group; they are made mostly of rock and metals with a thin or absent atmosphere very changed
with respect to the formation stage. Jupiter and Saturn, belong to the second group; they are giant
planets (Rp ∼ 10R⊕) made mainly of hydrogen and helium, with a very extended and primordial
atmosphere and possibly a rocky core. Finally, the last group includes Uranus and Neptune, planets
larger than the Earth but smaller than Jupiter (Rp ∼ 4R⊕) made of water, methane and ammonia
ices, with a hydrogen and helium atmosphere less extended than those of gas giants. The most
common type of exoplanets discovered falls between the terrestrial and neptunian planets, following
a bimodal distribution in the case of short-period planets (Porb < 100 days) with peaks at ∼ 1.3R⊕
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and ∼ 2.4R⊕ and a paucity of planets with radius 1.5 < Rp < 2.0 (i.e. the radius valley, Fulton
et al. 2017), visible in Fig. 1.3.

Figure 1.3: Histogram of planet radii for planets with orbital periods shorter than 100 days, from Fulton
et al. (2017). The peak around 1.3R⊕ defines the category of super-Earths, while the peak at 2.4R⊕ defines
the category of sub-Neptunes.

The bimodal distribution defines two new classes of planets, the super-Earths (with radius
1R⊕ < Rp < 1.5R⊕), with a composition compatible with pure rock (silicates) and metals (Fe,
Ni), and the sub-Neptunes (with radius Rp ∼ 2− 3R⊕), with an interior composition that is not
well understood yet. Sub-Neptune densities cannot be explained only by a rocky-metal interior and
different compositions obtained combining different fractions of heavy and volatile elements are
plausible (Zeng et al., 2019), e.g. a rocky core with a thick (few per cent by mass) H/He envelope
(i.e. gas dwarfs), a 100% water (ices-fluids) composition (i.e. ocean worlds), or a large fraction of
water by mass (up to 90%) surrounded by an H/He envelope (i.e. hycean worlds, Madhusudhan et al.
2021), as it can be seen from Fig. 1.4. The measurement of the atmospheric chemical properties, like
the composition and metallicity, of sub-Neptunes plays a crucial role in breaking the degeneracies
about their internal composition (e.g. Madhusudhan et al. 2023)

Another new class of exoplanet discovered, is that of hot-giant planets orbiting close to their
parent star (orbital period Porb < 10days). These planets, with a size similar to that of Jupiter,
are very irradiated by their host stars and can be divided in groups depending on their equilibrium
temperature: Teq < 1 000K (warm Jupiters) and 1 000 < Teq < 2 000 (hot Jupiters), to Teq > 2 000K
(ulta-hot Jupiters). Even if also smaller planets have been observed at short orbital periods (i.e.
warm and hot Neptunes), Szabó and Kiss (2011) discovered a lack of hot-Neptunes/hot sub-Jupiters
at very short orbital periods Porb < 2.5days (i.e. the sub-Jovian desert or evaporation desert, see
Fig. 1.5).

Among the various hypotheses for the origin of this desert, the atmospheric evaporation was
considered. Indeed, highly stellar-radiation exposed planets with no sufficient mass could lose
their atmosphere through rapid evaporation (Lecavelier Des Etangs, 2007), while planets above the
desert (i.e. hot Jupiters) have enough mass to gravitationally retain their atmosphere against the
photoevaporation. Owen and Wu (2013) tried to give a theoretical explanation for the existence of
the sub-Jovian desert exploring the effect of photoevaporation on the evolution of a population of
planets (with varying core masses, envelope masses, orbital separations, and stellar spectral types).
They concluded that evaporation is able to remove massive hydrogen envelopes for lower mass
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Figure 1.4: Radius-mass diagram for small-radii planets, from Zeng et al. (2019). The radius valley is visible
and, as it can be seen, the masses and radii of the sub-Neptune population are compatible with multiple
interior composition models (solid lines).

planets (i.e. hot Neptunes and sub-Jupiters), whilst this effect is negligible for hot Jupiters. In
addition, they also predicted that photoevaporation would have produced a bimodal distribution in
planetary radii with a paucity of planets around 2R⊕, thus predicting the radius valley. In particular,
depending on the planetary exposure to the X-ray and ultraviolet (XUV) stellar radiation, some
sub-Neptune planets can lose their hydrogen envelope throguh photoevaporation exposing their
naked cores and becoming super-Earths, and some other can retain their atmosphere (remaining
in the right-part of the distribution). See Sect. 1.2.4 of this thesis work for a description of the
main processes that drive atmospheric escape. The presence of hot Jupiters, whose occurrence is
∼ 1% for Sun-like stars (Johnson et al., 2010), challenged the conventional giant planet formation
theories (Pollack et al., 1996), based on the core-accretion mechanism. To date, their origin is
still an open question, but three different formation scenarios have been proposed ( Dawson and
Johnson 2018 and the references therein): in situ formation, disk migration, and high-eccentricity
tidal migration. In the first scenario, hot Jupiters form in the current position from the accretion
of the local material (at ∼ 0.1 au) with limited orbital migration. In the migration scenarios (that
seem to be more plausible than the in situ formation), the planet forms in the outer part of the
protoplanetary disk and then migrate to the current position. In particular, in the disk migration
scenario, the Jupiter planet migrates in the inner part of the disk due to torques from the tidal
friction with gaseous protoplanetary disk. In the high-eccentricity scenario, a third perturbing body
extracts orbital angular momentum from the Jupiter by perturbing it onto a highly elliptical orbit
and subsequently the Jupiter’s orbit is circularised and shrunk to the current size by the dissipative
tidal interaction with the host star. The study of the atmosphere of hot Jupiters, in particular the
relative elemental abundances and the atmospheric metallicity, can help to constrain the formation
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Figure 1.5: Radius-period distribution of the known exoplanets in which the evaporation desert and the
radius valley are highlighted. Data from the NASA Exoplanet Archive.

scenario and evolution path followed by this kind of planets (see Sect. 1.2.5 of this thesis for further
details).
The study of exoplanetary atmosphere can give a fundamental contribution to the exoplanet
characterisation process, because not only it can help to break degeneracies on the interior structure
of exoplanets and to constrain formation and evolution scenarios for intriguing targets such as hot
Jupiters (e.g. Madhusudhan 2019), but atmospheres are natural laboratories to test theories about
planetary atmospheric chemistry and dynamics (e.g. the origin of temperature-pressure profile,
thermal inversions, cloud physics) in conditions that cannot be found in any planets of the solar
system (e.g. Madhusudhan et al. 2016). Finally, it can allow to investigate the habitability of
planets from the study of atmospheric and surface conditions, and to probe the possible presence of
biosignatures (e.g. Seager et al. 2013), finding the so-desired answer to the question asked at the
beginning of this section.

1.2 Exoplanet atmospheres

Exoplanet atmospheres (exoatmospheres) are very complex systems, in which chemistry, radiation
and fluid dynamics interplay constantly. The aim of the exoplanetary scientist is to understand
and characterise as most precisely as possible the chemical and physical properties of an exo-
planet atmosphere, observing its spectrum. In this section, I will describe the main properties of
exoatmospheres.

1.2.1 Chemical properties

What is the atmosphere of an exoplanet made of? This is the first question we ask ourselves when
we start studying an exoatmosphere. Planetary atmospheres are composed of molecules, atoms, and
ions. The relative abundances of the constituents depend on multiple factors, e.g. the planetary
formation and evolution path, the temperature profile, the stellar radiation, possible disequilibrium
processes, and atmospheric dynamics.
The atmosphere of gas giants is primordial, thus it reflects the constituents of the stellar formation
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nebula. They are mainly constituted by hydrogen and helium (92% and 8%, respectively, in terms of
number density), with traces (< 1%) of oxygen, carbon and nitrogen. Volatile molecules, such as H2O,
CO, CH4, NH3, CO2, HCN, and C2H2 are expected to form in a H2-He rich atmosphere, in different
number densities depending on the atmospheric metallicity, the relative elemental abundances (e.g.
the C/O and the N/O ratios), the temperature at the different atmospheric layers, and the stellar
irradiation (e.g. Madhusudhan 2012, Moses 2014).
On the contrary, the atmosphere of terrestrial rocky planets are not primordial, since their low masses
are not sufficient to retain the primordial thin and light hydrogen and helium atmosphere. Instead,
their secondary atmospheres are made of molecules produced by processes such as volcanic activity
and comet and asteroid impacts. In the case of Neptunian planets, their atmosphere resembles those
of the giant gaseous planets, while in the case of mini-Neptunes, since a large variety of internal
composition is possible, both H2-He and volatile (H2O, CO2, CO, CH4, or N2) rich atmospheres are
possible (e.g. Benneke and Seager 2013).
For what it concerns the chemical composition of an exoatmosphere at different layers:

• ions (e.g. CII, SiIII, and MgI) populate the upper layers (P ≤ 10−6 bar) of the atmosphere,
where most of the star XUV (X-rays and extreme-UV) radiation is absorbed by atoms that
loose electrons due to the high radiation energy;

• atomic species (e.g. Na and K) dominate the atmospheric composition at intermediate
layers (10−6 bar ≤ P ≤ 10−3 bar), since the formation of molecular species is prevented by
photodissociation;

• molecules (e.g. H2O, CO, CH4, and CO2) dominate the chemical composition of the deep
layers (10−3 bar ≤ P ≤ 1bar) where they are shielded from the high-energy stellar radiation
by the upper layers.

An important quantity that is used to measure the abundance of a particular chemical species, is
the volume mixing ratio VMRx, defined as:

VMRx =
nx
ntot

, (1.6)

where nx is the number density of the x species and ntot is the total number density of the atmosphere.

Since gas-giant exoplanets are the most studied targets for atmospheric characterisation and
are of particular interest for this thesis, it is important to describe more in detail the atmospheric
chemistry of such planets. In H/He-dominated atmospheres, the chemical composition is controlled
by chemical equilibrium in the deep atmospheric layers (pressure greater than P ∼ 1bar), by
transport-induced quenching in the intermediate layers (10−3 ≤ P ≤ 1 bar), and by photochemistry
in the higher layers (pressure smaller than P ∼ 10−3 bar, see Fig. 1.6 and Madhusudhan et al.
2016). In addition, cloud formation becomes increasingly important for cooler atmospheres while
atmospheric escape for highly irradiated giant planets.
Chemical equilibrium occurs when there is no change in the number densities of atoms and molecules
in a closed system even if the chemical reactions continue to occur. In order to reach chemical
equilibrium, the atmosphere needs to be sufficiently hot and dense to ensure that chemical reactions
occur faster than any other process at work (e.g. dynamics and interaction with energetic radiation).
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Figure 1.6: Scheme of the structure and processes at work in H/He-dominated atmospheres, from Mad-
husudhan et al. (2016). The chemical composition in deep layers is controlled by chemical equilibrium, by
transport-induced quenching in upper layers, and by photochemistry in still upper layers.

Under chemical equilibrium condition, the chemical composition does only depend on temperature,
pressure, and elemental abundances, and can be calculated by minimising the Gibbs free energy of
the system. Since the higher the temperature, the faster the chemical reactions, chemical equilibrium
is maintained in the atmosphere of very hot planets (with temperature exceeding ∼ 2 000K), or in
the hottest (deepest) layers of the atmosphere of cooler ones.

In a H/He-dominated atmosphere in chemical equilibrium, H2O is the dominant secondary
species over a broad range of temperature and elemental abundance ratios and the most common
oxygen-bearing species (Madhusudhan, 2012). For what it concerns carbon-bearing species, CO and
CH4 are the most common species with relative abundance depending on the temperature (under
the summary reaction H2O+CH4 ↔ CO+3H2). In particular, at high temperatures (T ≥ 1 300K)
the former dominates, while at lower temperatures (T ≤ 1 300K), the latter is more favoured to
form. The most common reservoir of nitrogen is N2 at high temperatures, while at low temperatures
NH3 is the most common nitrogen-bearing species (Moses et al., 2013). Also the relative elemental
abundances (in particular the C/O ratio) play a crucial role in determining the chemical composition.
Indeed, for example, a C/O ratio greater than unity favours the formation of carbon-bearing species
over the oxygen-bearing ones, making possible to form hydrocarbons such as HCN and C2H2 in
chemical equilibrium at temperatures higher than ∼ 2 000K (see Fig. 1.7 and Madhusudhan 2012).
Also the metallicity of the atmosphere plays an important role in determining the abundance of
chemical species, indeed for example CO2 is one of the molecules most strongly enhanced with
increasing atmospheric metallicity, becoming detectable for metallicities greater than ∼ 10 times
that of the Sun (e.g. Lodders and Fegley 2002, Moses et al. 2013). In cooler upper atmospheric
regions, chemical disequilibrium can occur. There are different processes driving the chemistry
out-of-equilibrium (e.g. vertical and horizontal quenching, cloud formation, and photochemistry).

In the regions of the atmosphere where transport processes like convection dominate over
chemical reactions, materials can be transported from an atmospheric region to another, determining
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Figure 1.7: Two-dimensional classification scheme for hydrogen-dominated atmospheres, as a function of
the atmosphere temperature and C/O ratio, from Madhusudhan (2012). Four classes are shown: O1, O2, C1,
and C2. Atmospheres in O1 and O2 are O-rich (C/O < 1), and those in C1 and C2 are C-rich (C/O > 1).
The distinction between O1 (C1) and O2 (C2) is based on irradiation or temperature. The major molecules
in each class are shown, for a reference pressure of 1bar.

a redistribution of heat and chemical composition with a net flow from hot to cooler regions. In
this conditions, the bulk composition can be significantly driven out of equilibrium. The resulting
mechanism that determines the vertical distribution of the atmospheric constituents is called
transport-induced quenching. When the mixing-time scale induced by vertical transport drops below
the chemical kinetics time scales required to maintain a constituent in equilibrium with other species
(i.e. τmix ≪ τchem), that constituent becomes quenched and its mole fraction remains fixed at the
quenched abundance. Vertical quenching was first described by Prinn and Barshay (1977) to explain
the presence of CO in the troposphere of Jupiter as a result of upward mixing from deeper and
hotter levels, where is thermochemically stable. Indeed, in gas giant exoplanets, vertical quenching
can induce CO to be overabundant compared to equilibrium chemistry predictions (e.g. Moses
2014), because the CO double bond has a high binding energy, making the CO to CH4 conversion
reaction very slow. So, since the vertical dredging of CO from the hot interior is faster than the
CO to CH4 conversion, chemical equilibrium is never reached. Similarly, the vertical dredging of
N2 from deep in the atmosphere where chemical equilibrium favors N2, can drive the N2 and NH3

abundance out-of-equilibrium because the N2 to NH3 conversion reaction is slower than the vertical
dredging rate. A quantitative evaluation of chemical quenching requires a good knowledge of both
the chemical kinetics of the interconversion scheme of interest and the vertical eddy mixing coefficient.
Transport-induced quenching can therefore affect species abundances even before their own quench
points are reached, for example HCN and C2H2 abundances can depart from equilibrium when NH3

and CH4 quench, causing their column abundances to greatly exceed equilibrium predictions (Moses,
2014).

Quenching can also be due to horizontal transport of atmospheric material driven by winds
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that move material from hot to cooler atmospheric regions. Hot Jupiters, that are usually tidally
locked, can present high temperature contrasts, and thus possible variations in the composition,
between the day and night sides. On the other hand, circulation dominated by a strong superrotating
equatorial jet or day-to-nightside jet winds tends to homogenise both the temperature and chemical
composition between the different planetary sides (e.g. Showman and Guillot 2002, Cooper and
Showman 2006, Knutson et al. 2007). The main effect of horizontal chemical quenching is that
molecular abundances are quenched horizontally to values typical of the hottest dayside regions,
making the cooler nightside to be highly contaminated by the warmer dayside regions.

Hot Jupiters are strongly irradiated by their host stars and thus receive a high ultraviolet
flux, which is absorbed in the upper atmosphere and induces photochemical reactions in the upper
layers of the atmosphere (e.g. above ∼ 0.1mbar). The cooler the planet the larger the extent of
atmospheric region where photochemistry is important in determining the composition, because
high temperatures counterbalance photochemistry. The most common photochemical reaction is
the production of atomic hydrogen through the photolysis of H2, the main molecular component of
hot-Jupiter atmospheres, or through the catalytic photolysis of H2O (Liang et al., 2003). Another
important photochemical species is HCN, which is efficiently formed in the photochemical atmospheric
layers starting with the photodissociation of CH4 and NH3 (e.g. Moses et al. 2011, Zahnle et al. 2009).
Photochemical reactions starting from the photodissociation of CH4 also triggers the formation of
larger hydrocarbons such as C2H2 (e.g. Bilger et al. 2013, Zahnle et al. 2009). Thus, since HCN
and C2H2 can have abundances that significantly deviate from those expected from the chemical
equilibrium due to different processes, these two species, whose spectral features can be detected in
the near-infrared, are powerful chemical-disequilibrium indicators. Another common species produced
by photochemistry is the radical OH, which results from the photodissociation of water and acts as
a key intermediate in the synthesis of other O-bearing molecules such as O2 and NO (Moses et al.,
2011). As concerns sulfur compounds, the major photochemical products of the dominant equilibrium
sulfur species, H2S, are expected to be S, HS, S2, SO, and SO2 (Zahnle et al., 2009). Lavvas et al.
(2014) showed that for very hot planets, atomic neutrals and ions such as Mg, Mg+, Fe, Fe+, Ca,
Ca+, K, K+, Al+ could be important photochemical and equilibrium species (this is the case of
ultra-hot Jupiters).

1.2.2 The atmospheric vertical structure

Planetary atmospheres need to be in hydrostatic equilibrium to be stable, which means that there is
a balance between the outward pressure gradient force and the inward gravitational force from the
weight of the atmospheric material. The hydrostatic equilibrium equation is:

dP

dz
= −g · ρ , (1.7)

where dP is the infinitesimal change in pressure, dz is the infinitesimal change in atmospheric height,
g is the gravitational acceleration, and ρ is the atmospheric density. Assuming the ideal gas law as
the atmospheric equation of state, for an isothermal atmosphere the solution to Eq. 1.7 is:

P (z) = P0 · e−
z
Hs , (1.8)
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where P (z) is the atmospheric pressure as a function of the atmospheric height, P0 is a reference
pressure, and Hs is the atmospheric scale height (or pressure scale height). Hs represents the
characteristic length scale of the planetary atmosphere and can be expressed as:

Hs =
kB · T
µ · g

, (1.9)

with kB = the Boltzmann constant, T = the atmospheric temperature, µ = the atmospheric mean
molecular weight, g = the gravitational acceleration. The mean molecular weight of the atmosphere
depends on the chemical composition: for H/He composed atmospheres it is µ ∼ 2.3 gmol−1. For
typical hot-Jupiters atmosphere (T ∼ 1 800K), Hs ∼ 250 km, while, for comparison, an Earth-like
atmosphere (µ ∼ 29 g mol−1, T ∼ 250K), has an atmospheric scale height Hs ∼ 8 km.

An important property of the atmosphere is the vertical temperature profile, that is the
temperature-pressure profile (T − P profile). Indeed, the temperature profile across the plane-
tary atmosphere plays a crucial role in determining the atmospheric chemical composition as a
function of the height and is strictly related to atmospheric dynamical effects, such as convection
and global scale circulation. The temperature-pressure profile depends on the energy balance of
the atmosphere (e.g. the internal heat flux due to cooling and the stellar irradiation) and on the
opacity sources in the atmosphere, as a function of the wavelength. In order to compute the T − P

profile for an atmosphere in radiative-convective equilibrium, it is necessary to solve to solve a
set of three equations (the radiative transfer equation, the radiative and convective equilibrium
equation, and the hydrostatic equilibrium equation) for three unknown variables (the temperature,
pressure, and radiation field). A typical useful simplification in this computation, is assuming local
thermodynamic equilibrium (LTE), that is, in the local area of the atmosphere any temperature,
pressure, or chemical gradients are small compared to the photon mean free path. The situation
of LTE enables a decoupling of radiation from the local temperature, which greatly simplifies the
radiative transfer problem since the atomic and molecular energy population levels are specified
by the local temperature and do not have to be determined by a simultaneous solution with the
radiative transfer equation.

Generally, when studying exoatmospheres, the simplest way to estimate the planetary temperature
is assuming that the T/P profile is isothermal, that is, the temperature does not vary as a function
of pressure. This is a simplification that is valid for the deepest part of the atmosphere (pressure
greater than P ≈ 1 bar), where the optical depth and density of the atmosphere is higher. Of course,
in order to retrieve the atmospheric T − P profile of an exoplanet from observations, also more
complex parametric T −P profile can be used. The most used profiles are the Guillot profile, derived
by Guillot (2010) to approximate the structure of plane-parallel irradiated planetary atmospheres,
and the Madhusudhan profile, derived by Madhusudhan and Seager (2009).
The Guillot profile can be expressed as follows:
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with f = a geometrical factor that is f = 1/4 if the incoming stellar flux is averaged over the
entire planetary surface, Tint = the internal temperature that produces the internal heat flux from
cooling, Tirr = the irradiation temperature, γ = kVIS/kIR, with kVIS and kIR = the atmospheric
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visible and infrared opacity, respectively, and τ = the optical depth. The irradiation temperature
can be expressed as a function of the stellar radius R⋆, the stellar effective temperature T⋆, and the
star-planet distance D, as Tirr = T⋆ ·

√
R⋆
D , and the optical depth can be expressed as a function of

the pressure P , the infrared opacity kIR, and the atmospheric surface gravity g, as τ = P · kIR/g.
More complex versions of this profile have been developed including different visible and infrared
channels opacity (e.g. Line et al. 2012, Parmentier and Guillot 2014).
The Madhusudhan profile assumes a generalised exponential profile for an atmosphere divided into
three layers, for each layer:

P = P0e
α(T−T0)β , (1.11)

where P = the pressure, T = the temperature, and P0, T0, α, and β the free parameters.

Figure 1.8: Schematic parametric T − P profile adopted in Madhusudhan and Seager (2009).

Figure 1.8 shows a schematic parametric T − P profile of this type:

• layer 1 is the upper-most layer that extends from P0 (typically P0 ∼ 10−5 bar) to P1 and has
no thermal inversions. In this layer, the atmosphere is being heated by lower layers and cools
with increasing altitude;

• layer 2 is the middle layer, which extends from P1 to P3 is where most atmospheric spectral
features are formed. In layer 2, the temperature structure is governed by radiative process and
possibly by atmospheric dynamics, and it is the layer where thermal inversions may be formed
(i.e. at some height the temperature increases with increasing altitude), depending on the level
of irradiation from the parent star and the presence of strong absorbing gases (like O3 in the
Earth’s stratosphere) or solid particles;

• layer 3 is the layer which extends at pressure higher than P3. In this layer is the regime where
a high optical depth leads to an isothermal temperature structure.
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The layers, from number 1 to number 3, are defined as follows:

P0 < P < P1 →P = P0e
α1(T−T0)β1

P1 < P < P3 →P = P2e
α2(T−T2)β2

P > P3 →T = T3 ,

(1.12)

where the β parameter turns out to be a redundant parameter and can be set to β1 = β2 =

0.5 (Madhusudhan and Seager, 2009). Imposing continuity conditions at the two layer boundaries
(that is, layers 1–2 and layers 2–3) and P0 = 10−5 bar, the parametric profile has six free parameters.
The Madhusudhan profile, as it can produce inversion, provides a better match in the middle of the
atmosphere. However, it does not match the deep atmospheric structures. A key aspect linked to the
T − P profile is understanding if whether or not a planet presents an atmospheric thermal inversion.
Inversion layers can be detected studying the emission spectrum of an exoplanetary atmosphere (see
Sect. 1.3.2 of this thesis), and has been suggested to be present in the upper atmosphere of different
ultra-hot Jupiters, among which WASP-33 b (e.g. Haynes et al. 2015,Cont et al. 2022), WASP-121 b
(e.g. Evans et al. 2016, 2018), WASP-103 b (Kreidberg et al., 2018), and KELT-9 b (Pino et al.,
2019). While very high level of irradiation (and thus temperature) seems a necessary condition for
temperature inversion to occur, some ultra-hot Jupiters do not show inversion (e.g. Beatty et al.
2017), and the conditions and molecular species responsible for the inversion (e.g. TiO and VO) are
still under investigation (e.g. Parmentier et al. 2013, Lothringer et al. 2018).

1.2.3 Clouds and hazes

Exoatmospheres are not just made up of gases but also of aerosols, that are defined as particles
suspended in the atmosphere. Aerosols that can be found in exoatmospheres are mainly clouds
and hazes. Even if these two terms are often used interchangeably, clouds form by condensation
processes, normally reversible processes, when the partial pressure of a constituent gas exceeds its
saturation vapour pressure and thus the gas condensates into liquid or solid droplets. On the other
hand, hazes are aerosols that form by the action of photochemistry or any other disequilibrium
chemical process (e.g. the so-called “soots” discussed by Zahnle et al. 2009) or from photochemically
produced gases flowing into cooler regions, where they can condense. For any gas species that might
condense, clouds form when:

Pg (T ) = VMRg · P (T ) ≥ PVg (T ) , (1.13)

where P (T ) is the total gas pressure, Pg is the gas partial pressure, VMRg is the volume mixing
ratio of the gas, and PVg is the saturation vapor pressure for that particular gas. The subscript
"g" refers to the gas under consideration. Knowing the atmospheric temperature-pressure profile
it is possible to know the cloud base pressure for a particular species as the intersection of the
saturation vapor pressure curve and the planet’s temperature-pressure profile. Different compounds
condense at different temperature and pressure conditions. As visible in Fig. 1.9, solar system cold
giant planets (like Jupiter) can have methane clouds, ammonia clouds, and water clouds. Then,
if we go towards higher temperature (e.g. 1 000-2 000K), that are the conditions in hot Jupiters,
exotic clouds made for example of magnesium silicates like bridgmanite (MgSiO3) and forsterite

Mario Basilicata 14



1.2. Exoplanet atmospheres

(Mg2SiO4) can be produced, and, for extremely high temperatures (i.e. ultra-hot Jupiter conditions),
clouds made of perovskite (CaTiO3), corundum (Al2O3), and liquid iron droplets can form in the
atmosphere (for instance, iron is expected to condense in the nightside of WASP-76 b and thus to
create clouds and droplets, Ehrenreich et al. 2020). The clouds are confined to layers and clouds of
the same composition are present at lower altitudes in colder planets, indeed as temperature drops,
the hotter clouds do not disappear, instead, they are pushed down into the atmosphere where the
temperature is higher, according to Eq. 1.13, as visible Fig. 1.9.

Figure 1.9: Condensation temperatures of various cloud species as a function of atmospheric pressure,
compared to temperature-pressure (T − P ) profiles of four planets (i.e. Uranus, Jupiter, the direct-imaged
planet HR 8799 b and the famous hot-Jupiter HD 209458 b), from Gao et al. (2021). Where the T − P profile
intersects the condensation curve of a particular species, that species can condense forming clouds.

Aerosol particles interact with the stellar light and produces different effects on the atmospheric
transmission spectra depending on their sizes. In particular, they can uniformly mute all the
wavelengths or have a strong wavelength-dependent absorption in the visible, i.e. scattering. Wakeford
and Sing (2015) found that small (≤ 0.25µm) particles show strong scattering (i.e. Rayleigh
scattering) at visible wavelength and absorption features in the infrared. As the particle size
increases, the scattering becomes less important. Medium-size particles (0.25− 1µm) show indeed
little scattering and muted infrared features. The scattering becomes negligible for particles with
size ≥ 1µm, where there is a uniform absorption and no infrared features. In particular, the
scattering and thus the resulting transmission spectrum largely depend on the largest grain size
in the particle distribution of the cloud. Infrared features can be used to constrain the aerosol
composition, indeed major dust spectral features in the infrared are determined by vibrational modes
between the main diatomic bond in the material. For instance, silicate dust has a major feature at
10µm, while hydrocarbons have major features at 3µm (Wakeford and Sing, 2015). Evidences of
atmospheric aerosols have been detected in transmission spectra of multiple targets, both in Jupiter-
and Neptune-sized planets, as reported by Sing et al. (2016) and Wakeford and Dalba (2020).
Dealing with cloudy atmosphere is difficult, because prediction of cloud properties such as cloud
vertical height, fraction of gas condensed, and particle size distribution is complicated and the
computation of the radiative transfer through clouds can be challenging. From an observing point of
view, the larger the observing wavelength range the easier is possible to identify typical scattering
slopes or clouds muting features. Thus, it is clear that more work is needed both in theory and in
observations to better understand the role of aerosols in exoplanet atmospheres.
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1.2.4 Atmospheric dynamics and escape

The energy received from the star is re-distributed across the atmosphere of a planet through the
large-scale movement of gas, called atmospheric circulation. For example, on Jupiter, atmospheric
circulation causes high wind speeds in jets and intricate weather patterns, with bands and vortices,
including the great red spot. In order to describe the atmospheric circulation, fluid dynamics
equations, that come from the conservation laws for momentum, mass, and energy, are used, however
it is necessary to keep into account also the stellar irradiation and the equation of state of atmospheric
gas (Holton, 1992). They are non-linear equations and the calculation of atmospheric circulation
and dynamics is computationally time-consuming.
Even if a complete description of the equations and solving methods is beyond the scope of this work,
an important aspect is worth noting, that is, atmospheric circulation acts to minimise temperature
gradients. In other words, if the advective time-scale, that is the time for the absorbed stellar
energy to be circulated around the planet, is smaller than the radiative time-scale (τadv ≪ τrad),
that is the time for absorbed stellar energy to be re-emitted as radiation, than the heat is efficiently
re-distributed across the planet through atmospheric circulation.

An interesting case is that of hot-giant exoplanets because they orbit very close to their host stars
(orbital period Porb < 10 days) and so they are expected to be tidally locked. Hot Jupiters receive a
hundred times more radiation than Earth and tens of thousand times more than Jupiter. These
high levels of stellar irradiation dominate any internal flux for hot Jupiters and, together with the
permanent day and night sides, produce very high temperature gradients between the two sides of
the planet, that are expected to induce strong atmospheric circulation phenomena, like superrotating
equatorial jet-winds and day-to-night side winds (with speeds of few km s−1), and shift of the day
side hot-spot from the substellar point (e.g. Lewis et al. 2010, Showman and Polvani 2011, Heng and
Showman 2015). In the literature, these effects have been observed multiple times on different targets,
such as the two famous hot-Jupiters HD189733 b (e.g. Louden and Wheatley 2015, Wyttenbach
et al. 2015, Brogi et al. 2016, Boucher et al. 2021, Keles et al. 2024) and HD209458 b (e.g. Snellen
et al. 2010, Sánchez-López et al. 2019), and the warm-Neptune HAT-P-11 b (e.g. Allart et al. 2018).
In order to extract atmospheric dynamics information from observations, it is important to build
atmospheric models that include such effects. The most effective models available to date are the
complex three-dimensional (3D) global circulation models (GCMs) that keep into account the three-
dimensionality of the fluid dynamics equations and the radiative transfer equation, in order to predict
the temperature and wind fields across the planetary surface (Fig. 1.10) and at different atmospheric
layers as a function of the atmospheric chemical properties and irradiation (e.g. Madhusudhan
2019 and references therein). Different studies (e.g. Koll and Komacek 2018) also highlighted the
importance of considering the role of the magnetic field in atmospheric dynamics (e.g. magnetic
drag). Even if employing 3D atmospheric models is computationally time-consuming, in some
circumstances not considering 3D effects (like possible differences in the atmospheric properties of
morning and evening limbs of tidally locked planets), can lead to retrieving less accurate atmospheric
properties (e.g. temperature) from observations (e.g. MacDonald et al. 2020).

Another important phenomenon that characterises the dynamics of planetary atmospheres is
atmospheric escape. Atmospheric loss usually refers to the loss of gases (mainly H and He) that
escape from the gravitational field of a planet and disperse into space. Escape is a fundamental
process affecting planetary atmospheric structure, composition, and evolution. In nature, several
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Figure 1.10: Theoretical predictions from a GCM of HD 189733 b show an eastward jet and shifting of the
day side hot-spot away from the substellar point. The colour scale represents the temperature in Kelvin.
Image from Showman and Polvani (2011).

ways allow the gas molecules to acquire a velocity beyond the planet’s escape velocity leading to
atmospheric escape. These mechanisms can be divided into two categories: thermal escape processes
and non-thermal processes.

Thermal escape occurs if the thermal energy of a gas particle exceeds its gravitational binding
energy: √

2kBT

m
>

1

6

√
2GMp

Rp
, (1.14)

where kB = the Boltzmann’s constant, T = the temperature of the exosphere, m = the molecular or
atomic mass, G = the gravitational constant, Mp = the planet mass, and Rp = the planet radius.
Loss of atmospheric particles by thermal escape occurs in the planetary exosphere. The exosphere is
the uppermost region of the planetary atmosphere (pressure lower than ∼ 10−12 bar). The bottom
of the exosphere is the exobase, defined to be the altitude above which the atmosphere becomes
collisionless. Thus, the exobase is the altitude where a particle’s mean free path is greater than
the particle-specific atmospheric scale height. Below the exobase, there is the thermosphere, at the
bottom it defines the thermobase (P ∼ 10−6 bar). Thus, the thermosphere is between the exobase
and the thermobase. In the thermosphere, the actual heating of the upper atmosphere happens
(Fig. 1.11).

There are two main thermal escape processes: the hydrostatic escape (or Jeans escape) and the
hydrodynamic escape.
In the first process, the escape is driven by the thermal motion of atoms and molecules, indeed
it consists of thermal evaporation from the exobase. The kinetic energy of the gas particles at
temperature T is described by the Maxwell-Boltzmann distribution, which gives the number of
molecules with speeds between v and v + dv:

f(v)dv =
4n√
π

(
m

2kBT

) 3
2

v2e
− mv2

2kBT dv , (1.15)

with n = the numerical density of particles, m = the particle mass. Molecules that are within the
higher-velocity tail of the Maxwell-Boltzmann distribution, may exceed the escape velocity of the
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Figure 1.11: Atmospheric structure. At the top we have the collisionless part of the atmosphere, i.e.
the exosphere. The exobase separates it from the underlying atmospheric level that is the thermosphere,
where the actual heating of the upper atmosphere happens. At the bottom of the thermosphere there is the
thermobase, that is located near the maximum of the temperature and lines the division between the upper
and the lower atmosphere. Credits: Dr. Luca Fossati.

planet, and leave the planet’s atmosphere. Once they have escaped, slower atoms and molecules
move to fill the high-velocity tail. The flux of particles escaping through Jeans escape is the Jeans
escape flux:

ΦJeans =
nc
2
√
π
B

√
2kBTc
m

(1 + λc)e
−λc , (1.16)

where the subscript c refers to exobase properties and the escape parameter λc is the escape parameter,
defined as the ratio between the escape energy Eesc =

1
2mv

2
esc and kBTc. The factor B (B ∼ 0.5−0.8)

accounts for the slow re-population time of the energetic tail of the Maxwellian distribution.
The second important escape process is the hydrodynamic escape. Focusing on close-in hot-giant
planets, the upper atmosphere is heated by the stellar XUV (X-rays and extreme-UV) radiation, and
at some orbital distance, the flux should be high enough to cause a transition from kinetic escape to
XUV-driven hydrodynamical escape. At wavelengths shorter than 91.2 nm (which corresponds to the
hydrogen ionisation energy) we are into the XUV range that is responsible for metal photoionisation,
molecular photodissociation, and hydrogen photoionisation which is extremely important to drive
the escape. Indeed, when the energy of a photon with a shorter wavelength (i.e. higher energy) is
transferred to the electron of an hydrogen atom, a fraction of it is used to ionise the atom, while
the remaining fraction is transferred to the lost electron and goes to heat the atmosphere mostly
through collisions. The hydrodynamic escape state is reached when the atmosphere is heated by the
star to the point where the particles are so energetic that gravity cannot stop the outward flow and
the atmospheric escape is so fast that the atmosphere behaves like a dense fluid expanding radially
outward. During hydrodynamic escape, heavier elements such as C, N, and O can be carried away
with the hydrodynamic flow of the lighter species.
In the energy-limited approximation (Watson et al., 1981), that is, all incoming energy is balanced
by total gravitational potential energy gain of the evaporated atmospheric material, it is possible to
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compute the mass loss rate ṁ as (Erkaev et al., 2007):

ṁ = η
FXUVRpR

2
eff

GMpK
, (1.17)

with η = the heating efficiency of the conversion of the radiative energy input that is available for
atmospheric heating, G = the gravitational constant, Rp = the radius of the planet, Mp = the
planetary mass, K = a factor to account for the Roche-lobe effects, FXUV = the high-energy flux
received by the planet from its host star, and Reff = the effective radius, i.e. the location where most
of the XUV radiation is absorbed. To date, escape calculations couple hydrodynamic calculations
with radiative transfer and require the knowledge of stellar radiation and constituents of the planetary
upper atmosphere in order to model the hydrodynamic escape more precisely (e.g. Stone and Proga
2009, Owen and Jackson 2012, Bourrier and Lecavelier des Etangs 2013, Tian 2015).

Young stars have very high X-ray and extreme-UV (EUV) flux, where levels can reach thousands
of times present-day solar levels. The situation is most critical for M stars, where these high levels of
EUV emission can last up to 8 billion years for late-tipe M stars. If the initial planetary atmosphere
has not survived during the stellar EUV high-emission phase, a new atmosphere could develop only
if the outgassing rate of the core is higher than the escape rate. For hot-giant planets, atmospheric
escape can be present but different works (e.g. Lecavelier des Etangs et al. 2004, Yelle 2004) led to the
conclusion that the total mass loss over the lifetime of the system should be negligible. Unfortunately,
for smaller planets it is not the same; indeed the entire atmosphere can be stripped away due to
evaporation, which plays a crucial role in driving the atmospheric evolution, creating gaps in the
exoplanet population, as already described in Sect. 1.1.2.

Finally, different types of non-thermal processes can drive the atmospheric escape, among which
the most important are:

• charge exchange, which involves a collision between an ion (e.g. a stellar wind proton) and an
atom that receives the energy from the ion escaping into the space;

• conversion of photochemical energy into kinetic energy, in which electrons created from
photoionisation or atoms created from molecular photodissociation can carry excess kinetic
energy that makes them leave the atmosphere;

• ion escape, that refers to ions that escape along magnetic field lines that are open to a planetary
magnetotail, or ion-pickup, that refers to ions picked-up by the stellar magnetic field that
accelerates them away from the planet.

1.2.5 From atmospheric composition to planetary formation

The study of the present-day chemical composition of the atmosphere of exoplanets can give
important clues about the mechanisms driving their formation and evolution (e.g. Madhusudhan
et al. 2016, Mordasini et al. 2016, Madhusudhan 2019, Pacetti et al. 2022). The planetary formation
and migration processes involve a large number of highly complex and stochastic processes that can
leave different observable imprints on planetary atmospheres.
The primary assumption is that the initial elemental composition of the protoplanetary disk is the
same as the host star, since both form from the collapse of the same protostellar nebula. After the
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collapse, as the disk cools, the snow lines (that are defined as the distance into the disk from the
star over which a particular species condensates) of the various volatile species move inward toward
the star. As a result, the chemical compositions of both the gas and solids in the disk evolve as a
function of time and location in the disk. For example, H2O remains in solids outside the H2O snow
line, whereas it contributes to the gas composition inside the snow line. For this reason, the chemical
composition of a planet (and its atmosphere) depends on the location and time of its formation in
the disk (e.g. Eistrup and Henning 2022, Eistrup et al. 2016, 2022).

The most important property influencing the disk’s composition is the temperature, which
governs the phase at a given location in the disk. Indeed, snow lines of different species occur at
different orbital distances due to their different condensation temperatures. For example, the H2O
snow line is the closest to the host star, followed by snow lines of CO2, CO, CH4, and N2. This means,
that oxygen abundance in the gas phase clearly decreases outward in the disk, with a decrement at
each snow line, whereas that in the solids increases. This implies that the relative abundance of C
and O (i.e. the C/O ratio) in the gas increases, whereas that in the solids decreases as a function
of distance in the disk (e.g. Öberg et al. 2011). As a consequence, as it is visible in Fig. 1.12, the

Figure 1.12: The C/O ratio of grains and gas as a function of the distance from the star (in this case the
Sun). The ratio is impacted by condensation of oxygen-and carbon-bearing molecules at and beyond their
respective snowlines (i.e. H2O snow line at ∼ 2 au, CO2 snow line at ∼ 10 au, and CO snow line at ∼ 40 au).
Image from Seligman et al. (2022).

C/O ratio of the gas component approaches 1 in the outer part of the protoplanetary disk. Thus,
depending on how much gas versus solids a planet accretes at a given formation location, it can
accrete a gas with a wide range of C/O ratios spanning from subsolar to supersolar C/O ratios (the
solar C/O ratio is 0.59, Asplund et al. 2021).
In general, the higher the atmospheric C/O ratio, the more is probable that the planet formed in
the outer parts of the protoplanetary disk. However, because the planet may migrate through the
disk during formation, crossing different snow lines, it can be enriched by the elements encountered
during migration and the net composition is governed by the cumulative accretion history (as well
as the relative amounts of accreted gas and solids) of the planet over its migration pathway. For
example, if a planet formed through core accretion (Pollack et al., 1996) beyond the CO2 snow line
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(i.e. at distances greater than∼ 5 − 8 au) and then underwent disk-free migration after the disk
dissipation, it is expected to have a C/O ratio in the gas phase that approaches 1 and atmospheric
sub-solar metallicity (Madhusudhan et al., 2014), while a giant planet formed via core accretion
beyond the H2O snow line (at 2− 3 au) that then migrated towards the inner disk with significant
accretion of water-ice and/or oxygen-rich gas would yield an atmospheric super solar metallicity and
subsolar C/O ratio.

Also, the inward drifting of pebbles can influence the chemical composition of exoplanetary
atmospheres, since during their drift they sublimate at each snow line crossed, enriching the metallicity
of the gas inward of the snow lines and producing different elemental abundance ratios (e.g. C/O and
N/O ratios) depending on the pebbles composition and sublimation position in the protoplanetary
disk (e.g. Turrini et al. 2021). For example, Bitsch et al. (2022) showed that the formation of close-in
Neptunian planets in the inner part of the protoplanetary disk and their atmospheric composition
(e.g. the H2O abundance) depend on the flux of water ice-rich pebbles drifting inward from the outer
regions of the protoplanetary disc. In particular, a Neptunian planet can form in a wet environment
if the inwards migrating pebbles evaporate inside the water snow line (enriching the inner disk in
water vapour), or in a dry environment if pebbles migration is blocked before crossing the water snow
line (for example by the presence of an outer companion). Thus, measuring the atmospheric chemical
properties (i.e. chemical abundances, metallicity and elemental abundance ratios of different species
such as C, O, and N) is crucial to probe the formation history of a planet.

Finally, also the presence of an external companion can play a crucial role in the formation
of a planet, by either creating gaps in the protoplanetary disk that block the pebbles migration
(e.g. Banzatti et al. 2020) or inducing a violent planet migration through planet-planet scattering.
Thus, in order to reconstruct the formation and evolution history of an exoplanet in a more precise
way, it is necessary to combine the study of the chemical composition of the exoplanet atmosphere
with the information about the planetary interior (e.g. the bulk density) and the planetary system
architecture.

1.3 How to study exoplanetary atmospheres

Atmospheric signals are weak and with current instrumental capabilities, we can mainly study the
atmosphere of the largest close-in hot planets (i.e. hot and warm Jupiters and Neptunes), because
they have atmospheres that are larger and brighter than the atmosphere of cooler and smaller
terrestrial planets. It is impressive how only thirty years ago mankind wondered if planets around
other stars could exist, while today it is possible to effectively study the atmospheric properties of
many of them, such as the chemical composition and the presence of winds. Absolutely fascinating
will be, in the next decade, the possibility to study the atmosphere of terrestrial-sized planets with
the new-generation extremely large telescopes (ELTs, see Sect. 1.4.4).

The large amount of information about the physical and chemical properties of the atmosphere of
an exoplanet can be effectively extracted by using spectroscopy. Currently, there are two observing
setups for studying spectra of exoplanetary atmospheres: low-resolution spectroscopy (LRS) and high-
resolution spectroscopy (HRS) from ground-based observatories. A key property of any spectrograph
is the spectral resolving power (R = λ

∆λ), which represents the minimum wavelength difference that
can be resolved at a specific wavelength, this can also be expressed in terms of the Doppler effect,
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as the speed of light c over the smallest Doppler velocity ∆v that can be resolved (R = λ
∆λ = c

∆v ).
Typically, the term "high-resolution spectrograph" refers to those spectrographs that have R ≥ 25 000,
whilst the term low-resolution spectrographs typically refers to those instruments that work with
R = 100− 2 000 (more in general R ≤ 25 000).

Figure 1.13: Processes active in exoplanetary atmospheres and how they are probed by different parts of
the electromagnetic spectrum. On the right, the typical penetration depths of UV, VIS, and IR radiation are
shown together with the main chemical species whose signatures can be detected in each wavelength range.
On the left, three types of temperature profiles are shown, which can arise as a result of different atmospheric
processes: a highly irradiated planet with a thermal inversion (red line), an irradiated planet without a
thermal inversion (cyan line), and a poorly irradiated planet (gray dashed line). Image from Madhusudhan
(2019).

By studying exoplanetary atmospheres in different wavelength ranges it is possible to probe
different regions and, hence, different processes in the atmosphere (see Fig. 1.13). For example, by
studying exoatmospheres in the ultraviolet (UV) band, it is possible to probe the upper layers of
the atmospheres where atmospheric escape can be present, because UV radiation is involved in the
ionisation and recombination of neutral species that populate the upper atmospheric layers, and in
photochemical processes. Optical light (VIS) probes intermediate layers where thermal inversion
can occur and clouds and hazes can be present, since visible photons interact with neutral atomic
species through electronic transitions and with aerosols through scattering processes. Finally, by
studying exoatmospheres in the infrared (IR), it is possible to probe deeper layers where molecules
are shielded from the high energy radiation by the upper atmospheric layers and interact with IR
light through thousands of rotational and vibrational transitions. As it can be seen, in order to
extract the largest number of information about an exoplanetary atmosphere a multi-wavelength
approach is preferable.

Except for the extremely rare young giant planets on wide orbits that can be directly imaged
using space telescopes or very large ground-based telescopes equipped with extremely precise adaptive
optics to correct for the effects introduced by our atmosphere, the light from an exoplanet cannot
be spatially resolved from that coming from its host star, the latter being completely dominant
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by several orders of magnitude. For this reason, for close-in exoplanets, indirect measurements of
time-varying signals are performed, and by monitoring the changes of the star plus planet flux as a
function of time it is possible to isolate the planetary signal to study its atmosphere. Indeed, in
addition to direct imaging, in the case of transiting exoplanets, three main observational methods
are possible to study exoatmospheres: transit, secondary eclipse (or occultation) and phase curve
observations (Crossfield, 2015, Madhusudhan, 2019). The three different observing configurations
are schematised in Fig. 1.14.

Figure 1.14: Schematic illustration of the possible observing configurations for atmospheric studies along
the orbit of a transiting planet.

This thesis is focused on transit observations (in particular, transmission spectroscopy with HRS
in the near-infrared). Still, some insights on eclipse and phase curve observations are given in this
section as well.

1.3.1 Transmission spectroscopy

When a planet transits in front of its host star, it is not only possible to measure its radius but also
to extract important information about its atmosphere. Indeed, during a planetary transit, the light
of the host star is filtered through the planet’s atmosphere, if present, which leaves spectral imprints
on the starlight, creating the so-called transmission spectrum.

With transmission spectroscopy, it is possible to probe only a small portion, an annulus (Fig. 1.14),
of an exoatmosphere, corresponding to the terminator, that is the border region between the dayside
and the nightside of a planet. As short-period planets are usually tidally locked, with extreme
day-night temperature gradients, probing the planetary terminator can provide information on
the presence of atmospheric circulation (e.g. winds) that re-distribute the heat between the two
planetary faces.

Atoms and molecules that are present in the atmosphere of an exoplanet, absorb and scatter
the stellar light at specific wavelengths, that depend on the chemical species responsible for the
absorption/scattering. A transmission spectrum is thus an absorption spectrum. At these precise
frequencies, the atmosphere is opaque, so the amount of stellar light blocked by the planet is bigger,
and thus the planet will have a slightly larger apparent radius at these wavelengths, which can be
directly measured from the transit depth.
Therefore, the measurement of the transit depth at different wavelengths, δ(λ), provides the
transmission spectrum T (λ) of the exoplanet (see Fig. 1.15):

T (λ) = 1− δ(λ) = 1−
R2

p(λ)

R2
⋆

. (1.18)
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Figure 1.15: Schematic transit light curves as a function of the wavelength. It is visible how the transit
depth is made of two contributions: the radius of the planet, which blocks the stellar light at all the
wavelengths in the same way, and the atmospheric contribution, whose absorption depends on the wavelength
(i.e. transmission spectrum) according to the chemical composition.

The planet effective radius Rp(λ) measured during a transit event is made of two contributions:
the radius of the planet Rp, defined as the radius at which the planet is opaque at all the wavelengths,
and the atmosphere contribution, whose absorption depends on the wavelength (i.e. transmission
spectrum) according to the chemical composition, that can be expressed as an effective atmospheric
scale height Hs(λ): Rp(λ) = Rp + Hs(λ) = Rp + n(λ) · Hs, with Hs = the atmospheric scale
height (defined in Eq. 1.9), and n(λ) = a parameter that contains the wavelength-dependence of the
measured scale height.
Thus, it is possible to estimate the expected strength of the atmospheric transmission signal S of a
planet, to distinguish the known planets that could be potential candidates for atmospheric studies,
by computing the contrast in the area between the annular region of the planetary atmosphere
observed during transit and the stellar area, assuming n(λ) = 1:

S =
R2

p(λ)

R2
⋆

−
R2

p

R2
⋆

≈ 2RpHs

R2
⋆

, (1.19)

with the last relation valid under the assumption of Hs ≪ Rp. As it can be seen, the larger the
atmosphere and the planetary radius are, the larger the expected transmission signal is (since the
planet blocks more light), thus the inflated atmospheres of hot-giant planets are the most suitable
for atmospheric studies. Since atmospheric features are typically on the order of n(λ) ∼ 1− 5 times
the atmospheric scale height in size, if the transit depth can be measured to about 1Hs in precision,
detectable spectral features will start to appear (Sing, 2018).
For instance, the expected signal for the two best-studied hot Jupiters, namely HD189733 b and
HD209458 b, is S ∼ 107ppm and S ∼ 164ppm, respectively. For Earth-like planets, S is orders of
magnitude smaller, depending on the host-star size.
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Another key ingredient, that must be kept into account when performing a transmission spectroscopy
study, is the expected noise N . The noise is proportional to N ∝ 1/(

√
F⋆

√
T14), with F⋆ ∝

10−mag/2.5 = the observed stellar flux (with mag = the apparent stellar magnitude) and T14 = the
transit duration. Thus, the signal-to-noise ratio (S/N) expected from a transmission atmospheric
measurement can be estimated as:

S/N ∼=
2RpHs

R2
⋆

√
F⋆

√
T14 . (1.20)

In Fig. 1.16, the expected transmission spectral signal for a large sample of known exoplanets from
the TEPCat2 database is reported as a function of the host-star magnitude.
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Figure 1.16: Transmission spectral signal of 1 atmospheric scale height as a function of the host-star
magnitude for a large sample of known exoplanets. Data are taken from TEPCat. Planets to the upper-right
of the figure are easier to observe according to Eq. 1.20. Blue dots represent Neptune-mass planets; orange
dots represent Jupiter-mass planets; red dots represent ultra-hot Jupiters. The curves are adopted from (Sing,
2018) and give an indication of constant values for S/N and spectral resolution (see also Heng and Showman
2015). The numbers in red and blue refer to HST and JWST, respectively.

The first detection of an exoplanetary atmosphere was performed by Charbonneau et al. (2002),
who obtained an optical transmission spectrum of HD 209458 b with a sodium absorption signal at a
level of 0.0232± 0.0057%, following the technique proposed in Seager and Sasselov (2000) namely to

2https://www.astro.keele.ac.uk/jkt/tepcat/
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divide the observations gathered during planetary transit (i.e. the stellar + planetary spectrum) by
the ones collected outside the transit (i.e. the stellar spectrum alone). Vidal-Madjar et al. (2003),
then detected hydrogen in the atmosphere of HD209458 b and Tinetti et al. (2007) obtained the
first molecular detection (i.e. water vapour) in the atmosphere of the hot-Jupiter HD189733 b.
These first detections were then followed by many others, in particular through low-resolution
observations performed with the Wide Field Camera 3 (WFC3) mounted at the Hubble Space
Telescope (HST, Turner-Valle et al. 2004). In Fig. 1.17, a sequence of transmission spectra of some
hot Jupiters, obtained with HST and the infrared Spitzer Space Telescope (Werner et al., 2004)
is shown. The HST sensitivity to the water vapour absorption feature at λ ∼ 1.4µm, is evident,
allowing us to measure the presence of H2O on many targets.

Figure 1.17: HST/Spitzer transmission spectral sequence of some hot-Jupiter targets. Solid coloured lines
show fitted atmospheric models, while dotted lines indicate the prominent spectral features including Na, K,
and H2O. It is also visible how heavily hazy and cloudy planets (towards the bottom) have strong optical
scattering slopes and H2O absorption that is partially or completely obscured. Image from Sing (2018).

1.3.2 Secondary eclipse and phase-curve study

Secondary eclipse atmospheric observations are based on comparing the data gathered before and/or
after the secondary eclipse (i.e. the stellar + planetary spectrum) with the ones collected during the
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eclipse (i.e. the stellar spectrum alone) to isolate the planetary contribution (Fig. 1.14). With this
configuration is possible to measure both the emission spectrum of the atmosphere of a planet and
the reflection spectrum, depending on the observing wavelength range. Indeed, planetary emission
(approximately the emission of a black body at T ∼ 1 000K, for a close-in planet) has a peak in the
infrared, while the visible light coming from a planet is essentially the stellar light reflected by the
atmosphere (or surface) of the planet.

When attempting to characterise an exoplanet by means of secondary-eclipse observations, it
is important to quantify its expected dayside flux. In general, the exoplanet dayside flux is the
combination of two components: the thermal (emission) component and the reflected one. The
thermal component can be estimated assuming that the planet and the star are black bodies, with
their respective radiation temperatures (i.e. Teff = stellar effective temperature and Tday = planetary
dayside temperature), while the light reflected by a planet depends on the radiation received from its
parent star and the geometric albedo Ag(λ) at a particular wavelength. Ag(λ) is defined as the ratio
of the planet’s luminosity at full phase to the luminosity from a Lambert disk (a Lambertian surface is
an ideal, isotropic reflector at all wavelengths) with the same cross-sectional area as the planet (Rowe
et al., 2006). Since, the radiation that a planet receives can be defined as Prec = F⋆,p · πR2

p, where
Rp = the planetary radius and F⋆,p = L/(4πa2) = the stellar flux received by the planet, being L =
the luminosity of the star and a = the planet-star distance (semi-major axis), the relative variation
of the observed flux f during the eclipse (i.e. the eclipse depth) at wavelength λ can be defined as a
sum of two terms, a reflection term and an emission term:(

∆f

f

)
λ

= Ag(λ) ·

(
Rp

a

)2

+
BBλ(Tday)

BBλ(Teff)
·

(
Rp

R⋆

)2

, (1.21)

with R⋆ = the stellar radius, BBλ(Tday) and BBλ(Teff) = the black-body brightness, given by
Plank’s equation, at the temperature of the planetary dayside and the stellar effective temperature,
respectively. The planetary dayside temperature depends on the amount of absorbed stellar radiation
(1−Ag), the planet-star distance a, and the heat re-distribution efficiency ϵ.
At visible wavelengths the first term is the dominant one, while in the infrared since the BBIR

contrast is higher, the emission term is the dominant one. Assuming that the thermal emission is
the main component, it is possible to estimate the secondary eclipse observability (i.e. the expected
S/N) considering the magnitude of the host star:

S/N ∼=
BBλ(Tday)

BBλ(Teff)
·

(
Rp

R⋆

)2

·
√
F⋆ , (1.22)

with F⋆ ∝ 10−mag/2.5 = the observed stellar flux (with mag = the apparent stellar magnitude).
With emission observations, if the planetary atmosphere is almost transparent, we can observe

the radiation coming from deep layers, where the planetary continuum forms. Instead, if there is an
opacity source, the atmosphere will become optically thick at higher altitudes at certain wavelengths.
In the case of non-inverted atmospheres, i.e. the temperature decreases with pressure, the planetary
flux emitted at wavelengths with increased opacity will be lower than the continuum flux, and thus
absorption lines will form and be visible in the emission spectrum. On the other hand, in the case of
atmospheric layers with temperature inversion, i.e. the temperature increases with pressure, the
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planetary flux emitted at wavelengths with increased opacity will be higher than the continuum flux,
and the planet emission spectrum will show emission lines.
The first secondary eclipse measurements were achieved by Deming et al. (2005) and Charbonneau
et al. (2005) who observed HD 209458 b and TrES-1 b, respectively, using the Spitzer Space Telescope.
Shortly after, Knutson et al. (2008) found evidence of a thermal inversion in the atmosphere of
HD 209458 b.

When the observations are continuously performed along the orbit of the exoplanet, one can
measure the phase curve, that is the temporal changes in the planet-star flux combination. These
differences occur because our geometric view of the exoplanet surface changes during the observations
(Fig. 1.14). Using phase curve observations, the temperature difference between the day and night
side can be inferred, but it is also possible to map the atmospheric temperature around the planet.
Thus, studying phase curves is the best technique for monitoring the three-dimensional structure of
the atmosphere of an exoplanet. Although phase curve studies do not necessary require a transiting
planet, these have been the most studied planets due to their ephemeris precision and the higher
flux modulation (Bozza et al., 2018). Phase curves are one of the most demanding and challenging
observations, as they require a photometric precision of the order of 100 ppm, and long, continuous
observations (∼ days). Therefore, they arise mostly from satellite mission data.

Two different techniques can be employed to measure a planet’s phase curve. On the one hand,
phase curves are created by studying photometry. These photometric phase curves are mainly
observed to measure the planetary albedo and thermal brightness maps of several atmospheric
portions (e.g. Demory et al. 2016). On the other hand, spectroscopic phase curves can help to
study the differences in the temperature structure and composition of different atmospheric regions
(e.g. Stevenson et al. 2014).
One of the first phase curves measurements was made with Spitzer observations of the exoplanet
HD 189733 b (Knutson et al., 2007), and the first secondary eclipse map of an exoplanet was performed
by Majeau et al. (2012), using observations of the same planet.

1.4 High-resolution spectroscopy technique

During the last 15 years, high-resolution spectroscopy has become one of the most successful
techniques to investigate exoplanetary atmospheres. It can be used to study exoatmospheres of both
transiting and non-transiting planets, because it searches for the direct contribution of the exoplanet
atmosphere to the observed host star spectrum taking advantage of the differential velocities of
the star, the Earth, and the exoplanet (see Birkby 2018, for a review). Since this technique needs
high-resolution spectrographs (spectral resolving power R ≥ 25 000), that are too weighty (i.e. too
expensive and cumbersome) to be launched in space, HRS observations are only conducted from the
ground.

1.4.1 State-of-the-art of HRS technique

The first HRS detection of molecules in an exoplanet atmosphere has been obtained by Snellen et al.
(2010), who detected absorption features of CO during a transit of the hot-Jupiter HD 209458 b using
the CRyogenic high-resolution InfraRed Echelle Spectrograph (CRIRES, Kaeufl et al. 2004) mounted
at the 8m-class ESO-Very Large Telescope (VLT), at a resolving power of R ∼ 100 000. Since then,
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the number of atmospheric studies using high-resolution spectroscopy observations has increased
exponentially. Among the first works that detected molecules in the atmosphere of non-transiting
planets with HRS, Rodler et al. (2012) detected the presence of this molecule in the atmosphere
of the hot-Jupiter τ Boob and used it to infer the orbital inclination and the absolute mass of the
target.

HRS demonstrated to be a valid technique to detect different chemical species both in the visible
and near-infrared, in the atmosphere of different kinds of targets, from warm Neptunes to hot and
ultra-hot Jupiters. With HRS observations in the near-infrared, it has been possible to identify the
spectral features of different molecules, such as CO (Snellen et al., 2010), H2O (Birkby et al., 2013),
HCN (Hawker et al., 2018), CH4 (Guilluy et al., 2019), NH3 and C2H2 (Giacobbe et al., 2021), and
OH (Nugroho et al., 2021).

Several leading near-infrared instruments in the field allow both to detect molecular species and
atmospheric escape (through the observation of the metastable HeI triplet at 1038nm). Among
them, there is GIANO-B (R ∼ 50 000), mounted at the Telescopio Nazionale Galileo, which allows to
identify multiple molecular species in the atmosphere of different targets (e.g. Giacobbe et al. 2021,
Guilluy et al. 2022, Carleo et al. 2022) and detected for the first time NH3 in the atmosphere of a
warm Neptune (Basilicata et al., 2024a). GIANO-B also plays an important role in the detection of
metastable HeI triplet in the atmosphere of many targets (e.g. Guilluy et al. 2023).
CRIRES+ (R ∼ 100 000, Follert et al. 2014), the updated version of CRIRES, mounted at ESO-VLT,
allows to perform very high S/N atmospheric detection for different targets (e.g. Maimone et al.
2022, Ramkumar et al. 2023, Blain et al. 2024, Nortmann et al. 2024) together with the Immersion
GRating INfrared Spectrometer (IGRINS, R ∼ 45 000, Park et al. 2014), mounted at the Gemini
South Telescope (e.g. Line et al. 2021, Brogi et al. 2023, Line et al. 2024, Wardenier et al. 2024,
Weiner Mansfield et al. 2024), and the near-infrared channel of the Calar Alto high-Resolution
search for M dwarfs with Exoearths with Near-infrared and optical Echelle Spectrographs instrument
(CARMENES, R ∼ 80 000, Quirrenbach et al. 2014, 2018), mounted at the 3.5m Calar-Alto Telescope
(e.g. Allart et al. 2018, Nortmann et al. 2018, Salz et al. 2018, Alonso-Floriano et al. 2019).

For what it concerns the detection of atomic and ionic species, HRS observations in the visible
allow to identify many species in different targets. The first ground-based high-resolution detection
of sodium absorption in the transmission spectrum of an extrasolar planet is from Redfield et al.
(2008), who measured NaI absorption in the atmosphere of HD 189733 b using the High Resolution
Spectrograph mounted on the 9.1m Hobby-Eberly Telescope (HET, Ramsey 1998). Wyttenbach et al.
(2015) also measured NaI absorption in the atmosphere of HD 189733 b through observations from the
High Accuracy Radial velocity Planet Searcher (HARPS, R ∼ 120 000, Mayor et al. 2003), mounted
at the ESO-3.6m Telescope, and subsequent studies using HARPS and HARPS-N (HARPS-north,
R ∼ 120 000, Cosentino et al. 2012, mounted at the Telescopio Nazionale Galileo) transit observations
of other hot Jupiters would result in similar detections (e.g. Casasayas-Barris et al. 2017, Wyttenbach
et al. 2017, Chen et al. 2020a). NaI, together with KI, have also been detected using the Echelle
SPectrograph for Rocky Exoplanets and Stable Spectroscopic Observations instrument (ESPRESSO,
R ∼ 140 000, Pepe et al. 2010, 2014, mounted at the ESO-VLT) in atmosphere of WASP-52 b Chen
et al. (2020b). Neutral and ionised iron (FeI, FeII) have been two of the most detected species in the
atmosphere of ultra-hot Jupiters (e.g. Hoeijmakers et al. 2018). Hoeijmakers et al. (2019), ended up
with detections of rare neutral and ionised metals such as ScII, TiII, CrII, and YII, by probing the
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atmosphere of the well-studied ultra-hot Jupiter KELT-9 b.
Due to their inflated atmosphere and high temperature, hot and ultra-hot Jupiters are the

most suitable targets for atmospheric characterisation. For this reason, in the last years, they were
the most studied targets for testing 2D- and 3D-atmospheric models to retrieve their atmospheric
properties (e.g. Gandhi et al. 2022, Wardenier et al. 2023, Nortmann et al. 2024).

Two ways of working with HRS are possible: the high-resolution single-line transmission spec-
troscopy and the high-resolution cross-correlation spectroscopy (HRCCS). The first one (e.g. Wyt-
tenbach et al. 2015) is based on differential spectroscopy, namely the comparison between stellar
spectra taken when the planet is crossing the stellar disc (transiting) and those taken when it is
not. The aim is to combine the Doppler-corrected in-transit spectra to build the high-resolution
transmission spectrum of single strong atmospheric absorption lines (e.g. the metastable HeI triplet
and the hydrogen Lyman α line), however, a detailed description of this technique is beyond the
scope of this work. On the other hand, since HRCCS is of great interest for this thesis, the following
paragraph describes the main methods on which this technique is based.

1.4.2 Methodology

Working with high-resolution spectrographs has two big advantages with respect to the low-resolution
counterparts.
The first advantage is that by using high-resolution instruments, it is possible to solve the spectral
features of atmospheric components (e.g. molecular absorption bands) into a dense forest of single
spectral lines. Since these lines are unique for each chemical species, they constitute a sort of
fingerprint that allows us to unambiguously detect the presence of a certain chemical species in the
observed exoatmosphere. In addition, even if the S/N on the single spectral lines is low (S/Nline < 1)
because of the large dispersion of the light on the detector, combining the signal of thousands of lines
observed simultaneously results in a boost of the S/N of the detection that is proportional to the
square root of the number of strong lines observed (Nlines): S/Ntot ∝

√
Nlines. Thus, spectrographs

with both a high spectral resolving power and instantaneous wavelength coverage (i.e. the number
of wavelengths observed in a single exposure) are the ideal instruments for studying exoatmospheres
with HRS observations.
The second advantage is that high-resolution observations of atmospheric spectra are sensitive to the
Doppler shift of the spectral lines. In this way, in order to be sure that a particular spectral feature
is produced by the atmosphere of an exoplanet, it is necessary to measure a Doppler shift of the
signal that "follows" the planetary movement. The measured Doppler shift of the planetary spectral
lines (VRV = c · ∆λ

λ , with λ = a generic wavelength and c = the speed of light), as a function of time
t, is produced by three velocity components:

VRV(t) = Vp(t) + Vsys − Vbary(t) , (1.23)

where Vbary(t) = the velocity induced by Earth’s motion around the barycentre of the solar system
(barycentric velocity), Vsys = the centre of mass velocity of the star-planet system with respect to
the Earth (systemic velocity), and Vp(t) = the planet RV. The time-dependent contribution Vp(t)
can be expressed as a function of two of the planetary orbital parameters (i.e. the eccentricity e and
the planetary argument of periastron ωp), the planetary RV semi-amplitude Kp and the true orbital
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anomaly ν(t):
Vp(t) = Kp · [cos(ν(t) + ωp) + e · cos(ωp)] , (1.24)

that, in the case of a circular orbit, reduces to:

Vp(t) = Kp · sin(2πϕ(t)) , (1.25)

with ϕ(t) = the planetary orbital phase at time t, defined as the fractional part of (t − Tc)/Porb,
where Porb = the orbital period and Tc = the mid-transit time (for transiting planets) or the inferior
conjunction time (for non-transiting targets).
The planetary radial-velocity semi-amplitude Kp can be expressed as a function of the orbital
eccentricity e, orbital inclination i, orbital period Porb, the mass of the planet Mp, and mass of the
star M⋆:

Kp =

(
2πG

Porb

) 1
3

· M⋆ · sin(i)
(M⋆ +Mp)

2
3

· 1√
1− e2

. (1.26)

Since the observations are performed from the ground, also the Earth’s atmospheric absorption
spectrum (telluric lines) is imprinted on the astrophysical signal. However, the planet spectrum
experiences a detectable change in Doppler shift during the observations (Fig. 1.18). This change
allows to disentangle the planetary signal, whose orbital velocity has a non-zero radial component
(∼ 10 km s−1), from the stationary telluric spectrum (telluric lines have a null Doppler shift in the
observer rest-frame) and quasi-stationary stellar lines (the stellar radial velocity changes by few
m s−1 during transit events).

Figure 1.18: Scheme of HRS atmospheric signal. Top panel: illumination of a planet throughout its orbit
and the Doppler shift of its spectrum. Bottom panel: example of planetary atmospheric emission spectral
lines (white lines) as a function of the orbital phase, in which is visible how they trace out the radial velocity
curve of the planet during the orbit (visible in the top panel) with respect to the stationary stellar and telluric
lines (horizontal dark lines). Image from Birkby (2018).

In this way, it is also possible to derive the true mass of non-transiting planets, despite not knowing
the orbital inclination, via the velocity and mass ratios. In particular, the true mass of the planet
Mp can be derived by knowing the K⋆, the M⋆, and measuring the Kp from the Doppler shift of
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their atmospheric emission (or reflection) spectral lines, according to:

K⋆

Kp
=
Mp

M⋆
. (1.27)

If the planet is also a transiting system, HRS allows model-independent measurements of the mass
and radius of the host star and its planet.

The planetary atmospheric signal can be extracted from the noise combining the signal of
thousands of spectral lines observed simultaneously thanks to the cross-correlation function (CCF).
This technique exploits the fact that we know precisely at what wavelengths certain lines are formed,
and by having a sufficient number of spectral lines we can average out the noise to obtain the
measurement of an average spectral line. In particular, it is based on computing the cross-correlation
between data (i.e. the spectrum S(λ)) and template atmospheric spectra (i.e. the model M(λ)),
shifting the model in wavelength on a fixed grid of RV lags (∆RV = ∆λ

λ ·c). The analytical expression
for the CCF is:

CCF (∆λ) =

∫ +∞

−∞
S(λ) ·M(λ+∆λ) dλ . (1.28)

If a chemical species is present in the atmosphere of the target (i.e. if the atmospheric model
matches the data), a peak in the CCF is observed. The CCF is computed for each spectrum
obtained during the time series, so the data-model matching (i.e. the CCF peak) should move in the
Doppler-space according to the planetary RV. In other words, the atmospheric signal as a function
of time (or orbital phase) must shift in wavelength according to the Doppler shift induced by the
planetary motion, as it is visible in the left panel of Fig. 1.19.

Figure 1.19: Example of CCF values as a function of the orbital phase. Left panel: CCF values as a function
of the orbital phase for a model containing water lines and injected into real observations of HD 189733 from
Birkby et al., 2013. The CCF peak trail as a function of time is visible and moves in the Doppler-space
according to the planetary RV. Right panel: the CCF values are shifted into the planet rest-frame according
to the expected Kp. Image from Birkby (2018).

The atmospheric signal has a null Doppler shift measured in the exoplanet rest frame (Vrest = 0 km s−1,
with Vrest = the RV measured in the planetary rest-frame), in the absence of a Doppler shift induced
by atmospheric dynamics. It follows that, after having subtracted the barycentric, systemic and
planetary RV from the CCF trails (that is, after having moved to the exoplanet rest-frame), all the
CCF peaks should align at Vrest = 0 km s−1, as visible in the right panel of Fig. 1.19. By subtracting
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different orbital solutions to the CCF peak trail, typically by changing the Kp, a different CCF trail
alignment is obtained. Finally, by co-adding the CCF values in phase into a single CCF, for each
trial Kp, it is possible to obtain the so-called Kp − Vrest maps (or Kp −∆Vsys maps), in which the
planetary signal as a function of the rest-frame velocity and Kp is maximised.

When an atmospheric signal is detected, a strong cross-correlation peak in the Kp − Vrest map at
the expected Kp and Vrest = 0 km s−1 is visible. However, exploring a large parameter space offers
a strong diagnostic of the sources of noise and allows us to check the presence of spurious signals
that could produce a significant detection near the planet’s rest frame position. Eventual shifts
of the CCF peak in the Kp − Vrest map can be due to atmospheric dynamics effects (Fig. 1.20).
For example, a net blueshift (Vrest < 0 km s−1) of the CCF peak during transit can be due to the
presence of a wind that, blowing from the day side to the night side of the planet, moves atmospheric
materials towards the observer (e.g. Brogi et al. 2016), while a Kp shift can be related to planetary
rotation (e.g. Wardenier et al. 2023). The origin of these residual Doppler shifts depends on the
atmospheric dynamics of the target, the accuracy of the orbital parameters and the geometry of the
observations (i.e. emission or transmission spectroscopy) and can be different for different targets.

Figure 1.20: Example of Kp − Vrest map, from Line et al. (2021). This map is obtained by cross-correlating
a retrieved atmospheric emission model template for the hot-Jupiter WASP-77 Ab with data taken with the
IGRINS spectrograph. White dashed lines indicate the known velocities (i.e. the expected Kp = 192.06 km s−1,
∆Vsys = Vrest = 0 km s−1) and the "x" denotes the location of the peak signal (S/N = 12.8). The visible
blueshift of the CCF peak can be due to a combination of rotation (∼ 4.5 km s−1), which might preferentially
blue shift a dayside hot spot and/or longitudinal temperature advection (west-to-east winds, ∼ 2 km s−1).

1.4.3 Observing from the ground: the telluric contamination

Since HRS observations are performed using ground-based instruments, the strongest contamination
in high-resolution spectra is the telluric contamination, especially in the near-infrared, where H2O
(but also O3, CO, CH4, and CO2) has numerous and strong absorption bands.
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In order to remove telluric lines, we can take advantage of the fact that they are at fixed known
wavelength and do not experience any Doppler shift during the observations. The only variation
that affects them is the intensity (i.e. line depth) variation, which depends on the air mass variation
at first order, and on many other second-order effects, such as variations in the precipitable water
vapour (PWV), telescope temperature, and seeing.
A possible method to remove telluric contamination is to fit the logarithm of the flux in each spectral
channel as a function of the air mass using a linear fit (since the intensity of telluric lines scales as
the exponential of the air mass). In order to include higher-order variations, a quadratic fit can be
employed. This method has been successfully used in different works (e.g. Snellen et al. 2010, Brogi
et al. 2018, 2012, Brogi et al. 2013, Brogi et al. 2014, 2017).
An alternative approach is based on modelling telluric lines using theoretical calculations based
on the observing atmospheric conditions, using codes such as ESO’s Molecfit (Smette et al., 2015),
however, this approach does not automatically account for instrumental systematic effects occurring
during the observation, leaving residuals.

To date there is no consensus on which is the best way of removing telluric contamination,
however a third approach that seems to be very effective in removing both the telluric and stellar
spectra contamination, that also takes into account instrumental systematic effects that may occur
during the observations, is the principal component analysis (PCA, Murtagh and Heck 1987), and the
use of algorithms that employ it, such as SYSREM (Tamuz et al., 2005). PCA has been successfully
employed in many works to study the atmosphere of exoplanets (e.g. de Kok et al. 2013, Birkby et al.
2013, 2017, Piskorz et al. 2017) and applied to GIANO-B data multiple times to detect molecular
species in exoatmospheres (e.g. Giacobbe et al. 2021, Carleo et al. 2022, Guilluy et al. 2022, Basilicata
et al. 2024a).

The basic idea of PCA is to identify common trends in the spectra as a function of time (in
this case represented by telluric and stellar lines, that are stationary in wavelength) in different
spectral channels, and remove them. In order to do this, the eigenvectors of the data covariance
matrix (i.e. the principal components) are computed and ordered by decreasing contribution to
the global variance (identified by the associated eigenvalue). Once the principal components are
calculated, it is possible to re-construct the matrix that should mainly describe the telluric and
stellar contaminations via the linear combination of a set of principal components, and removed it
from the original data matrix, obtaining a residual matrix that can be used for the cross-correlation
analysis.

It is worth noting, that in some conditions stellar contamination is not effectively removed from
the data. In particular, the star may contain sufficiently similar spectral lines to the planet at
certain wavelengths (e.g. this is the case of CO lines in cooler host stars such as K-dwarfs), or
may have non-negligible velocity changes that interfere with the telluric removal process. This
kind of effects, can leave residual contamination in the spectra and introduce some distortions of
the line profile during the transit, due for example to the Rossiter-McLaughlin effect (RM) or to
center-to-limb variations (CLV), that can produce spurious artifacts when cross-correlating data with
planetary model spectra. In these cases, stellar contamination can be modelled and removed before ap-
plying the telluric removal procedure, as described in e.g. Brogi et al. (2016) and Schwarz et al. (2016).
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1.4.4 Combining high- and low-resolution spectroscopy

High-resolution spectroscopy and low-resolution spectroscopy (LRS) give complementary information
about planetary atmospheres. Indeed, they probe different altitudes of the atmosphere, for example
in the NIR, the LRS targets pressures around 1.0− 0.1 bar, while HRS probes higher layers, with a
pressure range of ∼ 10−2 − 10−5 bar.
In the case of HRS, with the different approaches used to remove telluric contamination, like PCA,
the spectra are typically normalised. This removes information about the true continuum level of
the planetary spectrum and has two effects. First, LRS is more sensitive to broad features and the
continuum from the optical to the NIR, that make LRS extensively used to study the presence of
aerosols (through the measurements of typical scattering slopes) in the atmosphere of exoplanets
(e.g. Nascimbeni et al. 2013, 2015, Sing et al. 2016). The second effect is that with respect to LRS,
HRS is more sensitive to line position rather than depth.
This make the retrieval of atmospheric absolute abundances (related to line depth) from high-
resolution spectra more challenging, but allows to investigate atmospheric dynamics effects such as
atmospheric rotation and winds in a very effective way.
On the other hand, the HRS methodology allows a self-calibration of data and has the advantage of
combining the signal of thousands of spectrally resolved absorption or emission lines rather than
bands from a chemical species, resulting in a more accurate spectral identification of chemical species.
Furthermore, LRS can take advantage of the two very sensitive space telescopes currently in operation,
that are the Hubble Space Telescope and the James Webb Space Telescope (JWST, Gardner et al.
2006), which allow observers to avoid telluric contamination, while HRS observations can be performed
by ground-based large-aperture instruments, such as the VLT and the future 40m-class extremely
large telescopes (ELTs) like the European Extremely Large Telescope (E-ELT, Padovani and Cirasuolo
2023). On one hand, from the space, with JWST is possible to study hot Jupiter atmospheres at
high S/N and the atmospheric composition of warm Neptunes and super Earths (e.g. Rustamkulov
et al. 2023, Esparza-Borges et al. 2023, Carter et al. 2024, Espinoza et al. 2024, Schlawin et al. 2024).
On the other hand, from the ground, when the ELTs will be available for HRS observations, they
will allow to detect and explore the atmosphere of smaller planets and fainter targets. Indeed,
according to some simulations (e.g. Snellen et al. 2013, Palle et al. 2023), using tens of transits,
transmission spectroscopy with ELTs will probably make possible the detection of molecular oxygen
in the atmosphere of habitable exoplanets, allowing us to search for biosignatures in planetary
environments similar to the Earth.

Previous analyses of multi-resolution transmission spectroscopy treated low- and high-resolution
data sets separately, each with its statistical framework (e.g. Pino et al. 2018), and explored only a
limited parameter space. The most effective way of extracting physical information from atmospheric
spectral observations is performing atmospheric retrieval in a Bayesian framework. The basic idea
is to iteratively compare many thousands of atmospheric parametric models with data in order
to find the one that best fits the data on a statistical base. Typically, the parameters space is
explored through algorithms like Markov chain Monte Carlo methods (e.g. Blecic et al. 2017) and
nested sampling algorithm (e.g. Benneke and Seager 2013), that retrieve the posterior distribution
of the model parameters computing the likelihood between the data and the model for each trial
parameters set. The biggest obstacle is converting the cross-correlation values into a goodness-of-fit
estimator, but Brogi and Line (2019a) introduced a new approach to solve this restriction. They
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built a new robust and unbiased framework to perform Bayesian retrieval analyses on HRS data,
by converting the cross-correlation values into log-likelihood mapping. This approach also makes
possible to perform HRS-LRS joint retrievals by combining the likelihoods (e.g. Smith 2023).

The combination of these two complementary techniques and the use of very powerful present
and future instruments will improve the amount of information that can be inferred about the
physics and chemistry of exoplanetary atmospheres and will refine our ability of studying them,
enlarging our comprehension about these complex systems and making us have well-robust and even
more reliable methods to search for biosignatures on potentially habitable planets in the future.

1.5 Overview of the work presented in this thesis

The focus of my Ph.D. work was the atmospheric characterisation of extrasolar planets through
the high-resolution spectroscopy technique. My work has been mainly based on the atmospheric
study of short-period gas giant planets (one warm Neptune and four hot Jupiters) that, as explained
in the previous sections of this thesis, represent the ideal targets for atmospheric characterisation
because of their inflated atmospheres. In the following chapters of this thesis, I review the results of
the research work I conducted during my three years of Ph.D. showing already published results as
well as the results of publications submitted or in preparation.
For the main part of my research, I have used the HRS technique to analyse the spectra acquired
with the high-resolution near-infrared spectrograph GIANO-B, mounted at the Telescopio Nazionale
Galileo (TNG), La Palma, Spain, as part of the Global Architecture of Planetary Systems (GAPS)
Project3. In Chapter 2 of this thesis, I present the GIANO-B spectrograph, describing the main
technical aspects of this instrument and I describe some details of the data reduction procedure
performed on high-resolution GIANO-B spectra, from the calibration to the telluric removal procedure.
In Chapter 3, I present the work published in Basilicata et al. (2024a), where I report the observation
of multiple molecular species in the atmosphere of the warm Neptune HAT-P-11 b. In the first
part of this work, we reviewed the physical and architectural properties of the HAT-P-11 planetary
system by analysing transits and occultations of HAT-P-11 b from the Kepler data set as well as
HIRES at Keck archival radial-velocity data. In the second part, we combined data gathered with
GIANO-B during the observation of four planetary transits, in order to study the high-resolution
NIR transmission spectrum of the atmosphere of HAT-P-11 b. In this work, we report for the
first time the detection of NH3 in the atmosphere of a warm Neptune and confirm the presence of
H2O. We also tentatively detect the presence of CH4 and CO2. These results, whose robustness
was assessed with different statistical tests, are particularly interesting since warm Neptunes are
difficult targets for atmospheric characterisation due to their relatively small radii and temperature,
which both reduce the atmospheric transmission signal. After this first work, I tried to develop an
approach as much standard as possible to reduce GIANO-B data, in terms of spectral orders to
employ in the analyses and the number of principal components to remove from data with PCA. I
applied this reproducible reduction procedure to analyse GIANO-B transmission spectra of four hot
Jupiters, namely KELT-8 b, KELT-23 Ab, WASP-13 b, and HAT-P-1 b. In Chapter 4, I present the
work reported in a paper submitted to the Astronomy & Astrophysics journal as Basilicata et al.
(2024b) (article reference: AA52733-24), where I report the first investigation of the atmospheres of

3https://theglobalarchitectureofplanetarysystems.wordpress.com/
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the two hot Jupiters KELT-8 b and KELT-23Ab. By analysing data of one transit for each target,
for the first time, we detect the atmospheric signature of both planets, measuring the signal of H2O,
with an S/N= 6.6 and S/N= 4.2, for KELT-8 b and KELT-23Ab, respectively. We also performed
a preliminary characterisation of the chemical and physical properties of the two atmospheres by
running two atmospheric retrievals for each target: a retrieval assuming chemical equilibrium and a
“free-chemistry” retrieval, in which the abundance of each molecule could vary freely. We put first
constraints on the abundance of H2O and the chemical parameters, such as the metallicity and the
C/O ratio, of the two atmospheres, and suggested a possible formation scenario for both targets. In
Chapter 5, I present the preliminary results of the investigation of the atmospheres of the two hot
Jupiters WASP-13 b and HAT-P-1 b, reported in a paper currently in preparation (Basilicata et al.,
in prep.). In this work, we searched for the atmospheric signal of WASP-13 b for the first time and
performed the first study of the atmosphere of HAT-P-1 b at high spectral resolution. We analysed
one transit observation of WASP-13 b and two transit observations of HAT-P-1 b, collected with
GIANO-B. We do not detect the atmospheric signal of the two hot Jupiters, with our preliminary
cross-correlation analysis. We only find a possible hint of the presence of CO in the atmosphere of
WASP-13 b that needs to be confirmed with further studies. Since the analysis is still ongoing, we
conclude the chapter with a list of future steps that we will perform in order to refine our analysis.
Finally, in Chapter 6, I summarise the studies performed in this thesis and point out the main
conclusions. An overview of possible future work is also included at the end of this last chapter.
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Chapter 2

High-resolution spectroscopy with
GIANO-B

The bulk of the research work presented in this thesis is focused on the characterisation of exoplane-
tary atmospheres at high-spectral resolution using data collected by the GIANO-B near-infrared
spectrograph. In this chapter, I report an overview of the GIANO-B spectrograph and the data
extraction and reduction procedure adopted in the works reported in this thesis.

2.1 The GIANO-B spectrograph

GIANO is an high-resolution echelle spectrograph mounted at the Telescopio Nazionale Galileo
(TNG), a telescope with a diameter of 3.58m located at the Roque de los Muchachos Observatory
(La Palma, Canary Islands, Spain). It has a mean spectral resolving power of R = 50 000 and works
in the near-infrared (wavelength range: 0.95− 2.45µm) with a nearly contiguous coverage of the
entire Y , J , H, and K bands, split into fifty orders (from order number 32 to 81, Origlia et al. 2014).
The instrument was provisionally commissioned in 2012 and was used in the GIANO-A configuration.
In this configuration it was mounted in the TNG Nasmyth-A focus and was fed through a pair of
fibers. The spectrometer was eventually moved to the originally foreseen configuration in September
2016. In this final configuration, named GIANO-B, the instrument is placed in the TNG Nasmyth-B
focus (hence the name GIANO-B) and the light collected by the telescope reaches directly the
instrument through a slit.

The spectrograph HgCdTe detector is a HAWAII-2 2048x2048 array, with a pixel size of 18µm,
cooled at cryogenic temperature by a bath of liquid nitrogen. The minimum integration time is 10 s,
the possible integration times on target are 10, 30, 60, 100, 200, 300, and 600 s.

GIANO-B is equipped with two calibration lamps: an halogen lamp for flat-field and a U-Ne lamp
for wavelength calibration. Most of the observations are performed with the nodding acquisition
mode ABAB, where target and sky spectra are taken simultaneously while alternating between two
nodding positions along the slit (A and B) separated by 5", allowing an optimal subtraction of the
detector noise and thermal background. In Fig. 2.1, an example of two GIANO-B echellograms
forming a nodding pair is shown. It is visible how, for each spectral order, the target trace switches
position along the slit (and the detector) from position A to B, while the sky trace switches from
position B to A.
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GIANO-B has been the first spectrograph mounted on a ∼ 4-m class telescope to combine
such broad spectral coverage with such high resolving power. In addition, the observing mode
called GIARPS (Claudi et al., 2017) is possible. In this observing mode, GIANO-B can operate
simultaneously with HARPS-N (an high-resolution optical spectrograph mounted at the TNG,
with R = 115 000) to achieve high-resolution spectroscopy over the full visual and near-infrared
range (0.383− 2.45µm, with a small gap between 0.70− 0.92µm) in a single exposure. The two
spectrographs are still able to work separately, so it is possible to have three different configurations:
GIANO–B only, HARPS-N only, and GIARPS by splitting the light between the two instruments
with a dichroic.

Figure 2.1: Example of two GIANO-B echellograms (zoomed view) forming a nodding pair. Left panel: the
target is in nodding position A and the sky in the nodding position B. Right panel: the target is in nodding
position B and the sky in the nodding position A. For each spectral order the two sources spectra (i.e. white
for the target and dark for the sky) are visible. Dark regions of the spectra correspond to telluric absorption
lines, while bright vertical lines correspond to sky emission lines. By looking at the sky emission (that fills
the whole slit), it is clearly visible how the spectra of the two sources switch position on the slit and, thus, on
the detector, between the two frames.

2.2 GIANO-B data reduction procedure

For my Ph.D. work, GIANO-B raw spectra were extracted and calibrated using the GOFIO pipeline
Python 3 version (Rainer et al., 2018), a pipeline expressly developed to reduce GIANO-B spectra.
In particular, GOFIO allows the application of dark subtraction and flat-field correction to the
spectra. For the analyses reported in this thesis, the flat-field correction has not been performed. This
strategy has been chosen because the flat-field calibration corrected both the detector inhomogeneities
and the spectral blaze function. Since we noted that the blaze function correction for low-S/N
spectra usually increased the noise of the spectra, we decided not to apply this procedure. GOFIO
also performs a preliminary wavelength calibration using U-Ne lamp spectra as a template. In
this way, for each spectral order, GOFIO produces a 2D matrix made of the wavelength-calibrated
spectra as a function of time.

In order to study exoplanet atmospheres through high-resolution spectroscopy technique, after
these initial steps, a correction for the mechanical instability of the GIANO-B instrument was
necessary. Indeed, U-Ne lamp spectra are only acquired at the end of the observing night to avoid
the persistence effect on the detector, but the mechanical instability of the instrument causes the
wavelength solution to change during the observations. This means that the wavelength solution of
the spectra determined by GOFIO is not sufficiently accurate for our analysis and is expected to
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shift and jitter between consecutive exposures.
In order to correct this shift, a custom-made Interactive Data Language1 (IDL) pipeline was used.
In particular, after the data extraction with GOFIO, the spectra were aligned to a common reference
frame via cross-correlation with a time-averaged observed spectrum of the target used as a template.
After this procedure, it was possible to reach a residual spectral shift of ≤ 0.3 km s−1 for most of the
spectral orders.

As a subsequent step of the reduction process, a refined wavelength calibration of the spectra was
performed. In order to refine the wavelength solution provided by GOFIO, the wavelength position
of telluric lines was used. Indeed, the telluric spectrum provides a good wavelength-calibration
source, since the lines’ position does not change with time and the lines’ wavelength is well known.
Refined wavelength calibration was made by matching a set of telluric lines in the time-averaged
observed spectrum with a high-resolution model of the Earth transmission spectrum generated via
the ESO Sky Model Calculator (Noll et al., 2012), and solving for the pixel-wavelength relation with
a fourth-order polynomial fit. In Fig. 2.2, an example of this wavelength calibration is shown.

Figure 2.2: Example of wavelength calibration for 3 portions of the order 1. It is visible how the ESO
model (black, red and purple lines) has been matched with the observed telluric spectrum (green, blue and
cyan lines, respectively), in order to find the refined pixel-wavelength relation.

An important step of the data reduction procedure, is the telluric removal. In the works reported
in this thesis, a principal component analysis (PCA) was performed to this aim (see Sect. 1.4.3).
The PCA aim is to identify common trends between different wavelength channels in the spectra as
a function of time (represented by the stationary telluric lines or quasi-stationary stellar lines) to
correct them.
The PCA was applied to each spectral order, considered as an MxN data matrix (with M = number
of spectra and N = 2048 pixels). Before computing the principal components, for each order, the
standardisation described in the following was applied.
First, each spectrum was normalised to its median value to correct baseline flux variations. Then,

1https://www.nv5geospatialsoftware.com/Products/IDL
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the spectral channels with stronger or saturated telluric lines were masked in the following way:
the time-averaged spectrum was subtracted to all the spectra, the standard deviation of data in
each spectral channel and its median value (σm) were computed, and then the spectral channels
that had a standard deviation σ > 1.5 · σm were masked. After having subtracted the time-averaged
spectrum from all the spectra and masking highly contaminated spectral channels, data were reduced
to a null-mean variable by subtracting to each spectrum its mean value computed on the different
spectral channels.
Then, the principal components were computed using the pydl.pcomp2 routine. The matrix that
should mainly describe the telluric and stellar contaminations was built via a linear combination
of a set of principal components and removed from the original data matrix, obtaining a residual
matrix. Finally, a high-pass filter was applied to each row of the residual matrix to remove any
possible residual correlation between different spectral channels.
In this way, for each spectral order, a telluric-corrected residual matrix ready for the cross-correlation
analysis was obtained. An illustration of the telluric removal process applied to real GIANO-B
spectra is reported in the next chapter (Fig. 3.7).

2https://pydl.readthedocs.io/en/latest/api/pydl.pcomp.html
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Chapter 3

Multiple molecular species in the
atmosphere of HAT-P-11 b and review of
the HAT-P-11 planetary system

In this chapter, I present the work published in Basilicata et al. (2024a), where we review the physical
and architectural properties of the HAT-P-11 planetary system and investigate the atmospheric
composition of the warm Neptune HAT-P-11 b with GIANO-B.

The atmospheric characterisation of hot and warm Neptune-size exoplanets is challenging mainly
due to their relatively small radius and atmospheric scale height, which reduce the amplitude of
atmospheric spectral features. The warm-Neptune HAT-P-11 b is a remarkable target for atmospheric
characterisation because of the large brightness of its host star (V = 9.46mag; H = 7.13mag).
The aims of this work are to review the main physical and architectural properties of the HAT-
P-11 planetary system, and to probe the presence of eight molecular species in the atmosphere of
HAT-P-11 b through near-infrared (NIR) high-resolution transmission spectroscopy. We reviewed
the physical and architectural properties of the HAT-P-11 planetary system by analysing tran-
sits and occultations of HAT-P-11 b from the Kepler data set as well as HIRES at Keck archival
radial-velocity data. We modelled the latter with Gaussian-process regression and a combined
quasi-periodic and squared-exponential kernel to account for stellar variations on both (short-term)
rotation and (long-term) activity-cycle timescales. In order to probe the atmospheric composition of
HAT-P-11 b, we observed four transits of this target with the NIR GIANO-B at TNG spectrograph
and cross-correlated the data with template atmospheric transmission spectra. For HAT-P-11 b, we
measure a radius of Rp = 0.4466± 0.0059RJ, a mass of Mp = 0.0787± 0.0048MJ, a bulk density
of ρp = 1.172 ± 0.085 g cm−3, and an orbital eccentricity of e = 0.2577+0.0033

−0.0025. These values are
compatible with those from the literature. Probing its atmosphere, we detect the presence of H2O
(with an S/N of 5.1 and a significance of 3.4σ), confirming the low-resolution detection, and we
detect NH3 (with an S/N of 5.3 and a significance of 5.0σ), for the first time in the atmosphere of a
warm Neptune. We also tentatively detect the presence of CO2 and CH4, with an S/N of 3.0 and
4.8, and a significance of 3.2 σ and 2.6 σ, respectively.
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3.1 Introduction

The majority of known exoplanets have orbital and physical characteristics that are different from
those of the Solar System planets. This is the case, for example, for hot and warm Neptunes,
which are planets with a mass similar to that of Neptune and with equilibrium temperatures of
Teq ≳ 1000K and Teq ≲ 1000K, respectively. The existence of such planets so close to their host
stars (orbital periods Porb ≲ 10 days) provides a unique opportunity to study atmospheric physical
and chemical conditions that cannot be studied in the Solar System.

The study of exoplanetary atmospheres makes a crucial contribution to the exoplanet charac-
terisation process. For example, by knowing the chemical composition of the primary atmosphere
of an exoplanet, it is possible to constrain its formation and evolution path based on the study of
relative elemental abundances (e.g. Öberg et al. 2011, Madhusudhan et al. 2017, Madhusudhan
2019, Banzatti et al. 2020, Bitsch et al. 2022, Pacetti et al. 2022).

By studying exoplanetary atmospheres in the near-infrared (NIR), it is possible to probe deep
layers (down to pressures P ≈ 0.1 bar) where molecular species dominate the atmospheric composition
and absorb the IR light through thousands of rotational-vibrational transitions. Over the past
few years, the large number of transiting exoplanet discoveries and the possibility to use space
instruments have made low-resolution spectroscopy (LRS) the most used technique for exoplanetary
atmospheric characterisation (Madhusudhan, 2019); in particular, for probing the terminator region
of planetary atmospheres via the transmission-spectroscopy technique. This method is based on
measuring how the planetary effective radius varies with wavelengths during transit because of the
absorption of the stellar light by the chemical species present in the atmosphere of the target.

An alternative technique for probing exoplanetary atmospheres using high spectral-resolution
instruments is high-resolution spectroscopy (HRS) from ground-based observatories (see Birkby 2018
for a review). For what concerns the NIR studies, different molecular species have been identified
in the atmosphere of hot Jupiters with the HRS technique, such as CO (Snellen et al., 2010), H2O
(Birkby et al., 2013), TiO (Nugroho et al., 2017), HCN (Hawker et al., 2018), CH4 (Guilluy et al.,
2019), NH3 and C2H2 (Giacobbe et al., 2021), and OH (Nugroho et al., 2021). Having improved the
data analysis approach (e.g. employing the principal component analysis to remove the telluric and
stellar contaminations and performing an optimal selection of the spectral orders), it is now possible
to simultaneously detect multiple molecular species in the atmospheres of both hot and warm giant
planets (e.g. Carleo et al. 2022, Giacobbe et al. 2021, Guilluy et al. 2022).

With respect to LRS, HRS is more sensitive to line position than depth, allowing a self-calibration
of data, and has the advantage of combining the signal of thousands of spectrally resolved absorption
or emission lines rather than bands from a chemical species. On the other hand, LRS can take
advantage of the two space telescopes currently in operation (HST and JWST), which allow observers
to avoid telluric contamination. A future combination of these two complementary techniques
will improve the amount of information that can be inferred about the physics and chemistry of
exoplanetary atmospheres (Brogi and Line, 2019a).

The ideal targets for atmospheric studies are close-in giant exoplanets given the higher planet–star
radius and flux contrast. In the case of Neptune-size planets, the relatively small radius and the
smaller atmospheric scale height combined with the possible presence of clouds or hazes reduce
the expected amplitude of the atmospheric absorption, making the atmospheric characterisation
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of these targets more difficult. Indeed, there are only a few works in the literature reporting the
detection of molecular species in the atmosphere of warm and hot-Neptunes (i.e. A-thano et al. 2023,
Benneke et al. 2019, Bézard et al. 2022, Brande et al. 2022, Fraine et al. 2014, Kreidberg et al. 2020,
Mikal-Evans et al. 2023), and most of them report the detection of water vapour obtained with LRS
using data from HST/WFC3 (A-thano et al. 2023 also report the presence of titanium oxide on
HAT-P-26 b, while Bézard et al. 2022 only report the presence of methane on K2-18 b).

A remarkable target for atmospheric studies is HAT-P-11 b, a warm Neptune-size exoplanet
(the first of this class of planets discovered with transit searches) orbiting a K4 V-class star (Bakos
et al., 2010). Fraine et al. (2014), Tsiaras et al. (2018), Chachan et al. (2019), and Cubillos
et al. (2022) detected the presence of water vapour in its atmosphere at low resolution by analysing
transmission spectra from HST. With the same data, Welbanks et al. (2019) estimated an abundance
of log(XH2O)= −3.66+0.83

−0.57. The analyses presented by Chachan et al. (2019) (HST/WFC3+STIS )
and by Cubillos et al. (2022) (HST/WFC3 ) also suggest the presence of methane; however, when
also considering the Spitzer observations, both these analyses found no evidence for the presence
of this molecule due to an offset between the Spitzer and HST transit depths. The detection of
atmospheric absorption in the He metastable 1083 nm triplet during transit (Allart et al., 2018,
Mansfield et al., 2018) also provided complementary constraints on the size of the planet’s upper
atmosphere (extending beyond two planetary radii) and the corresponding mass-loss rate (the planet
has only lost up to a few percent of its mass over its history, leaving its bulk composition largely
unaffected). Due to the large brightness of its host star (H = 7.131± 0.021mag, Cutri et al. 2003)
and the presence of already detected chemical species (i.e. He and H2O) in its atmosphere, this
target provides a great opportunity to characterise the atmosphere of warm Neptunes. In addition,
the orbit of HAT-P-11 b is eccentric and Sanchis-Ojeda and Winn (2011) estimated a high obliquity
angle (ψ = 106+15

−12 deg) between the orbital plane of the planet and the equatorial plane of its host
star, indicating a quasi-polar orbit. This planet therefore offers a rare occasion to explore complex
planetary evolution paths, such as the one that led to its current orbital configuration.

To study the atmosphere of the planet HAT-P-11 b at high spectral resolution, precise and
accurate knowledge of its orbit (in particular the eccentricity e and the planetary argument of
periastron ωp) is mandatory. Multiple analyses of the orbital parameters of HAT-P-11 b can be
found in the literature (i.e. Allart et al. 2018, Bakos et al. 2010, Huber et al. 2017, Knutson et al.
2014a, Southworth 2011, Yee et al. 2018). The most recent is that of Yee et al. (2018), which is based
on the analysis of the radial-velocity (RV) data of HAT-P-11. In particular, these authors obtained
the following values for the eccentricity and the planetary argument of periastron: e = 0.218+0.034

−0.031;
ωp = 199+14

−16 deg. The most precise estimation of the orbital parameters was reported by Huber et al.
(2017). These latter authors simultaneously modelled the planetary transits and secondary eclipses
in the Kepler data, obtaining the following values: e = 0.26459+0.00069

−0.00048; ωp = 197.774+0.203
−0.094 deg.

Although these two sets of estimations are compatible with each other at the 2σ level, mainly
due to the large uncertainty on the values by Yee et al. (2018), it is important to note that the
two values of e differ by about 0.05, with the analysis of Huber et al. (2017) pointing towards a
higher value of the eccentricity. Even such a small inaccuracy on the value of e still produces an RV
shift of roughly ≈ 10 km s−1 (larger than the GIANO-B spectral resolution of 6 km s−1) during the
transit, with severe impacts on the atmospheric characterisation using the HRS method. To improve
the accuracy of the orbital solution, we decided to determine the HAT-P-11 b orbital parameters
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through independent analysis of both the Kepler photometric data and the RV measurements.
Moreover, by doing so, we reviewed the physical parameters of HAT-P-11 b and the architecture of
the HAT-P-11 planetary system. All the details of this preliminary analysis are described in the
following subsections. The main parameters of the HAT-P-11 planetary system are summarised in
Table 3.11.

In this work, we report a review of the physical and architectural properties of the HAT-P-11
planetary system and the results of the study of four transit events of HAT-P-11 b recorded with
GIANO-B, the high-resolution NIR échelle spectrograph mounted at the 3.58 m Telescopio Nazionale
Galileo (TNG), in order to probe the presence of eight molecular species in its atmosphere with the
transmission HRS as part of the Global Architecture of Planetary Systems (GAPS) Project2 and in
particular as part of the exoplanetary atmospheres characterisation subprogramme, described in
Guilluy et al. (2022).

In Sect. 3.2 we review the HAT-P-11 planetary system; in Sect. 3.3 we describe the high-resolution
transit observations and data analysis process in detail, and discuss the results of the atmospheric
characterisation. Finally, our conclusions and future perspectives are reported in Sect. 3.4.

3.2 Revisitation of the HAT-P-11 planetary system

3.2.1 Kepler light-curve data analysis

We downloaded the Kepler (wavelength range: 420− 900 nm) light curves of HAT-P-11 b from the
Mikulski Archive for Space Telescopes (MAST3). These consist of short-cadence (60 s) light curves
from 14 quarters out of the total 17 observed from 2 May 2009 to 11 May 2013. The short-cadence
light curves of each quarter are subdivided into tranches of three except for quarters 0 and 1 with a
single and quarter 17 with two light curves. This results in a total of 37 separate light curves to be
analysed independently.

Transits and occultations

We trimmed the Kepler light curves around the transits and occultations, whose central times are
predicted using the ephemeris of Huber et al. (2017). The width of each time interval is equal to
three times the transit duration T14 and is large enough to include the time of the eclipses for both
the orbital solutions discussed above. We discard all the transits and occultations that, due to gaps
in the Kepler light curve, do not cover the whole time interval of 3T14.

Many transits of HAT-P-11 b show clear signs of starspot crossings (see, e.g. Béky et al. 2014,
Morris et al. 2017b, Sanchis-Ojeda and Winn 2011, Scandariato et al. 2017, for a detailed analysis of
the transit anomalies of HAT-P-11 b), which may bias the fit of the light curve. For this reason, we

1The symbols of the parameters listed in the table have the following meanings: M⋆ - stellar mass; R⋆ - stellar
radius; Teff - stellar effective temperature; [Fe/H] - stellar metallicity; log g - logarithm of stellar surface gravity;
Vsys - systemic radial velocity; H - apparent magnitude in the photometric H band; Mp - planetary mass; Rp -
planetary radius; ρp - planetary mean density; Teq - planetary equilibrium temperature computed at the planet-to-star
distance during the secondary eclipse, assuming an inefficient (full) heat re-distribution for the derived geometrical
albedo (Ag = 0.440+0.044

−0.049); Porb - orbital period; T0 - transit epoch; T14 - transit duration; i - orbital inclination; e -
orbital eccentricity; ωp - planetary argument of periastron; a - orbital semi-major axis; Kp - planetary radial-velocity
semi-amplitude.

2https://theglobalarchitectureofplanetarysystems.wordpress.com/
3https://archive.stsci.edu/missions-and-data/kepler
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Table 3.1: Main physical and orbital parameters of the HAT-P-11 system.

Parameter Value Reference

Stellar Parameters

Spectral Class . . . . . . . . . . K4 V Bakos et al. (2010)

M⋆ [M⊙] . . . . . . . . . . . . . . . . 0.86± 0.06 Lundkvist et al. (2016)

R⋆ [R⊙] . . . . . . . . . . . . . . . . . 0.76± 0.01 Lundkvist et al. (2016)

Teff [K] . . . . . . . . . . . . . . . . . 4780± 50 Bakos et al. (2010)

[Fe/H] [dex] . . . . . . . . . . . . . 0.31± 0.05 Bakos et al. (2010)

log g [log10, cgs] . . . . . . . . . 4.563+0.092
−0.080 Stassun et al. (2019)

Vsys [km s−1] . . . . . . . . . . . . −63.24± 0.26 Gaia Collaboration et al. (2018)

Distance [ly] . . . . . . . . . . . . 123.17± 0.11 Gaia Collaboration et al. (2018)

Age [Gyr] . . . . . . . . . . . . . . . 6.5+5.9
−4.1 Lundkvist et al. (2016)

H . . . . . . . . . . . . . . . . . . . . . . 7.131± 0.021 Cutri et al. (2003)

Planetary Parameters

Mp [MJ] . . . . . . . . . . . . . . . . 0.0787± 0.0048 This work

Rp [RJ] . . . . . . . . . . . . . . . . . 0.4466± 0.0059 This work

Mp [M⊕] . . . . . . . . . . . . . . . . 25.0± 1.5 This work

Rp [R⊕] . . . . . . . . . . . . . . . . . 4.901± 0.065 This work

ρp [g cm−3] . . . . . . . . . . . . . 1.172± 0.085 This work

Teq [K]. . . . . . . . . . . . . . . . . . 847+46
−54 (663+36

−42) This work

Porb [days] . . . . . . . . . . . . . . 4.887802443± 0.000000034 Huber et al. (2017)

T0 [BJDTDB] . . . . . . . . . . . 2 454 957.8132067± 0.0000053 Huber et al. (2017)

T14 [hr] . . . . . . . . . . . . . . . . 2.35562+0.00093
−0.00094 This work

i [deg] . . . . . . . . . . . . . . . . . . 89.027± 0.068 This work

e . . . . . . . . . . . . . . . . . . . . . . . 0.2577+0.0033
−0.0025 This work

ωp [deg] . . . . . . . . . . . . . . . . . 192.0+2.9
−3.0 This work

a [au] . . . . . . . . . . . . . . . . . . . 0.0532± 0.0010 This work

Kp [km s−1] . . . . . . . . . . . . . 123.4± 9.9 This work

adopted an iterative approach aimed at selecting the transits with minimum evidence of anomalies.
Using the orbital period derived by Huber et al. (2017), we phase-folded the planetary transits and
we processed the phase-folded data using a running median average. The width of the running
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Figure 3.1: Transit and occultation light curve analyses. Top-left panel: Phase-folded Kepler transit light
curve of HAT-P-11 b binned by 1 minute, based on 64 bona fide transits (see text). Our best-fitting model of
the transit in the Kepler bandpass is overplotted in grey. Bottom-left panel: Residuals of the fit of the transit.
Top-right panel: Phase-folded Kepler occultation light curve of HAT-P-11 b binned by 1 minute, based on
196 occultations (see text). Our best-fitting model of the occultation in the Kepler bandpass is overplotted
with a black solid line. The data have been binned for clarity (black dots with error bars). Bottom-right
panel: Residuals of the fit of the occultation.

window was 15 s, which is less than the cadence of the light curves. This guarantees that the
averaged transit profile is negligibly time-smoothed by our approach.

Once the average transit profile was obtained, we computed the Median Absolute Deviation
(MAD) of the data with respect to it. We then rejected all the transits with at least one data point
located more than 6MAD above the averaged transit profile. We iteratively repeated this process
until no additional transit was rejected. At the end of this process, we noticed that a few transits
passed our selection despite showing correlated noise due to either bad data detrending or stellar
activity. We therefore refined the selection of the transits in the following way. For each transit,
we first computed the residuals with respect to the averaged profile. Then, we associated each
transit with the standard deviation of the corresponding residuals. Finally, we rejected the 10%
transits with the largest standard deviations. This produced a final list of 64 bona fide transits free
from anomalies above the noise level. Of course, the possible presence of non-crossed starspots can
influence the stellar flux level and therefore the measured transit depth; however, this effect mainly
affects the value of the planetary radius (with an over-estimation of ≈ 1%4) rather than the orbital
parameters and is therefore negligible for the main scope of this work.

For the occultations, we adopted a similar approach. The only difference is that we do not expect
anomalies during the eclipses, and therefore the first iterative selection of “unspotted” light curves is
skipped. The final selection is made up of 196 occultations.

In summary, the dataset that we used to fit the orbit of the planet is composed of two subsets of
data, centred on the transits and occultations respectively. To save computation time, we fit the
phase-folded and rebinned data (1 min). The timestamps of the rebinned light curve were defined so

4This value is computed using Eq. (12) in Ballerini et al. (2012) with a maximum out-of-transit HAT-P-11 flux
modulation of 2% (see the top panel of Fig. 1 in Béky et al. 2014).
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that the time of transit provided by Huber et al. (2017) corresponds to the origin of the time axis.
The transit profile was modelled with the quadratic limb darkening (LD) law provided by Mandel

and Agol (2002), with the reparametrisation of the coefficients proposed by Kipping (2013). Similarly,
the occultation profile was modelled following Mandel and Agol (2002), but assuming that the
planetary dayside is uniformly bright (Scandariato et al., 2022, Singh et al., 2022). Since we have
operated a different data rejection with respect to Huber et al. (2017), we re-derived all the orbital
parameters except for the orbital period, which we fixed to the best estimate of Huber et al. (2017)
to phase-fold the data. The free parameters of the model are the stellar density ρ⋆, the time of
transit T0, the planet-to-star radius ratio Rp/R⋆, the impact parameter b, the LD coefficients q1 and
q2, the ec = e cosω⋆ and es = e sinω⋆ parameters (where e and ω⋆ are the orbital eccentricity and
the stellar argument of periastron, respectively) and the occultation depth δecl.

In the model, we also included a jitter term and a renormalisation coefficient independently for the
transit and eclipse subcurves. The two jitter terms take into account the fact that the two subcurves
have different noise properties, being the combination of a different number of transits/eclipses. The
renormalisation coefficients fix the preliminary normalisation of the transit and eclipse subcurves
computed by the extraction pipeline.

We adopted a maximum-likelihood Bayesian approach where the data were fitted by running a
Monte Carlo sampling of the parameter space. The parameter space was defined by the priors listed
in Table 3.2. We remark that we have used uniform priors for all the parameters. The priors on ec
and es have been conveniently set to span a large range around the expected values and include both
the orbital solutions of Huber et al. (2017) and Yee et al. (2018), while saving computation time.

For the log-likelihood maximisation, we first searched the parameter space for the global maxi-
mum position using the python package PyDE5. Afterwards, we sampled the posterior probability
distribution of the model parameters using the emcee package version 3.1.3 (Foreman-Mackey et al.,
2013). Given the demand for resources for the model fitting, we ran the code in the HOTCAT
computing infrastructure (Bertocco et al., 2020, Taffoni et al., 2020). We let the chains run for 250 000
steps, long enough to ensure formal convergence. The best-fitting model of the light curve, together
with the corresponding residuals, is shown separately in the left and right panels of Fig. 3.1, for the
transit and the occultation, respectively. The list of the free parameters and their corresponding
priors and best-fitting 1σ confidence interval is given in Table 3.2. Our estimates are consistent
with previous analyses within 2σ.

Albedo and equilibrium temperature

The day-side flux of an exoplanet is a combination of reflected starlight off the planet’s illuminated
hemisphere and its thermal irradiation. The former is parameterised by the geometric albedo Ag

while the latter is parameterised by the brightness temperature Td(∆λ), which is a measure of the
day-side temperature in a given wavelength interval ∆λ (Santerne et al., 2011, Singh et al., 2022).
Consequently, the occultation depth can be expressed as the following:

δecl = Ag

(
Rp

dsec

)2

+ π

(
Rp

R⋆

)2
∫
∆λ

2hc2

λ5

[
exp

(
hc

kBλTd

)
− 1
]−1

Ωλdλ∫
∆λ S

CK
λ Ωλdλ

, (3.1)

5https://github.com/hpparvi/PyDE
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Table 3.2: Model parameters for the fit of the Kepler data. U stands for a uniform prior.

Parameters Symbol Units C.I. Prior

Stellar density ρ⋆ ρ⊙ 1.915±0.081 U(1.5,2.5)

Time of transit T0 days 0.0000967+0.0000084
−0.0000082 U(-0.05,0.05)

Planet-to-star radius ratio Rp/R⋆ - 0.058993+0.000065
−0.000070 U(0.05,0.07)

Impact parameter b - 0.227+0.013
−0.015 U(0,0.6)

First LD coefficient q1 - 0.4644+0.0062
−0.0063 U(0,1)

Second LD coefficient q2 - 0.4813+0.0064
−0.0062 U(0,1)

√
2e cosω⋆ - 0.7021+0.0035

−0.0041 U(0.5,0.9)
√
2e sinω⋆ - 0.150±0.037 U(0,0.5)

Secondary eclipse depth δecl ppm 6.95+0.66
−0.64 U(0,20)

Derived parameters Symbol Units C.I.

Planetary radiusa Rp RJ 0.4466± 0.0059

Scaled semi-major axis a/R⋆ - 15.05+0.21
−0.22

Orbital inclination i deg 89.027±0.068

Transit duration T14 hr 2.35562+0.00093
−0.00094

Orbital eccentricity e - 0.2577+0.0033
−0.0025

Stellar argument of periastron ω⋆ degree 12.0+2.9
−3.0

Notes. (a) The uncertainty includes the uncertainty on the stellar radius.

where h is the Planck constant, kB the Boltzmann constant, c the speed of light, dsec the distance of
the planet from the star during the secondary eclipse and SCK

λ is the stellar Kurucz flux (Castelli
and Kurucz, 2003) (computed for Teff = 4750K, log g = 4.5, and [Fe/H]= 0.2). Both the planetary
and the stellar fluxes are integrated over the Kepler passband ∆λ with the corresponding response
function Ωλ.

For the derived occultation depth, the relationship between the geometric albedo and the
brightness temperature is shown in Fig. 3.2. For HAT-P-11 b, the thermal contribution to the observed
depth in optical passbands is practically negligible given the low temperature of its atmosphere.
Therefore, the occultation depth is the result of a highly reflective atmosphere. We derive a geometric
albedo of Ag = 0.440+0.044

−0.049 corresponding to the occultation depth of δecl = 6.95+0.66
−0.64 ppm reported in

Table 3.2. We therefore confirm and improve the results obtained by Huber et al. (2017). Following
Han et al. (2014), we assume that the geometric albedo and Bond albedo are related via Ab = 3

2Ag.
We use this Ab to estimate the planet’s day-side equilibrium temperature6 as a function of time

6We equate the optical brightness temperature with the planet’s equilibrium temperature, which is reasonable if
the planetary emission spectrum closely resembles a Planck distribution at temperature Td.
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following (Cowan and Agol, 2011):

Td(t) = Teff

√
R⋆

d(t)
(1−Ab)

1
4

(
2

3
− 5

12
ϵ

) 1
4

, (3.2)

where ϵ is the heat re-circulation efficiency and d(t) the distance of the planet from the star as a
function of the time (to take into account the eccentricity of the orbit).

We considered two extreme scenarios: one with inefficient (ϵ = 0) and another with complete
(ϵ = 1) heat re-circulation. We report in the plot the equilibrium temperature estimates at the
occultation position. As a result of the varying stellar irradiation, the temperature estimates at the
periastron are: 970+52

−62 K and 759+41
−49 K for ϵ = 0 and ϵ = 1, respectively, and at the apoastron are

750+41
−47 K and 587+32

−37 K for ϵ = 0 and ϵ = 1, respectively. During the transit, the planet-to-star
separation distance is dtr = 13.33± 0.26R⋆ and therefore, the corresponding day-side temperatures
are 894+48

−57 K and 699+38
−44 K assuming no changes in planetary albedo throughout the eccentric

orbit. The pairs of Td values we report represent the extremes of the range in which the planet’s
equilibrium temperature is expected to be at different planet positions along its orbit. At the transit
position, we consider the scenario ϵ = 1, that is, a uniform temperature distribution throughout the
planet, so that we can use Teq = 699+38

−44 K as the equilibrium temperature around the day-night
terminator to build our atmospheric transmission spectrum models described in Sect. 3.3.3.
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Figure 3.2: Geometric albedo (Ag) estimated as a function of the day-side temperature for the measured
occultation depth (δecl = 6.95+0.66

−0.64 ppm). The cyan lines represent the 1σ uncertainty curves. The dash-
dotted and dashed lines represent the variation of Ag with varying Td for the 2 heat re-circulation cases (ϵ)
considered, computed at d = dsec = 14.83± 0.30R⋆ (that is, during the occultation). The 2 orange shaded
regions correspond to the intersection of the curves, identifying the average HAT-P-11 b day-side temperatures
for the 2 extreme scenarios of ϵ, computed at d = dsec. These two values of the equilibrium temperature with
the associated uncertainties are reported in the legend.

3.2.2 Radial-velocity data analysis

We also analysed 180 publicly available radial velocities of HAT-P-11 (median error on RV mea-
surements: 1.33ms−1), which were obtained with the HIRES at Keck spectrograph (possible RV
instrumental drift of the order of a couple of m s−1 on years timescale) by Bakos et al. (2010) and
Yee et al. (2018), after discarding the in-transit measurements to avoid the Rossiter-McLaughlin
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effect (McLaughlin, 1924, Rossiter, 1924) and three outliers at the observing epochs 4334.9662,
4957.0433 and 7933.0122 BJDTDB − 2450000, which were identified in the residuals of our RV model
(Sect. 3.2.2) through the Chauvenet’s criterion (e.g. Bonomo et al. 2023).

Planet c or magnetic activity cycle?

The HIRES RVs show a clear long-term trend (Fig. 3.3, top panel), which was attributed by Yee et al.
(2018) to a second planet companion, HAT-P-11 c, with Porb ∼ 3410 d (9.3 yr), Mp sin i ≈ 1.6MJ,
and e ≈ 0.6, and, to a lesser extent, to the stellar magnetic activity cycle. Despite the very similar
behaviour of the trend in both the S-index and the RVs (see Fig. 3.3), the stellar activity cycle was
not deemed sufficient by Yee et al. (2018) to account for the RV variations in the long term for three
main reasons (see their Sect. 3 for more details): (i) the large RV semi-amplitude (∼ 30 ms−1) of
the long-term signal compared to semi-amplitudes of ≲ 10m s−1 observed by Lovis et al. (2011) for
magnetic activity cycles in ∼ 300 solar-type stars; (ii) the presence of a shift of ∼ 500 days between
the minimum of the S-index and that of the RVs (Fig. 3.3); and (iii) the relatively weak correlation
between the S-index and RV measurements with a Pearson’s coefficient of ∼ 0.34.

In our view, these three motivations do not provide strong evidence that the long-term signal is
planetary in origin. Indeed, concerning (i), HAT-P-11 is considerably more active than the stars
in the sample studied by Lovis et al. (2011), with a logR

′
HK of −4.35 (Morris et al., 2017a) higher

than the typical logR′
HK of −4.8 – −5.0 of that stellar sample. Since one of those stars, namely

HD21693, shows a semi-amplitude of ∼ 10 ms−1 for logR
′
HK = −4.89 (see Fig. 16 in Lovis et al.

2011), a semi-amplitude of ∼ 30 ms−1 for the RV variation associated with the activity cycle is
certainly possible for an unusually active star such as HAT-P-11 (Morris et al., 2017a).

Regarding (ii), detailed studies of the correlation between RV and S-index measurements by
Meunier et al. (2019) (therefore subsequent to Yee et al. 2018) showed that a combination of
geometrical effects (stellar inclinations and butterfly diagrams) and variations of magnetic activity
level over time may easily produce hysteresis patterns, and hence temporal shifts of a few hundreds
of days in the minima of the RV and S-index variations (see Fig. 8 in Meunier et al. 2019). For
example, the minimum of the long-term RV variations of the above-mentioned star HD 21693, which
are caused by the magnetic activity cycle, also leads the minimum of the logR

′
HK variations by

∼ 500 d, similarly to HAT-P-11 (Lovis et al., 2011, Meunier et al., 2019). Given the high inclination
i⋆ = 100± 2 deg of the host star HAT-P-11 and a starspot latitudinal distribution similar to the solar
butterfly diagrams, as unveiled from the occultations of starspots by HAT-P-11 b during transits
(Morris et al., 2017b), the temporal difference in the minima of the RV and S-index variations could
be due to the hysteresis patterns described by Meunier et al. (2019). After all, the fact that the
magnetic activity cycle from the S-index was found to have the same periodicity as the hypothetical
planet c (Morris et al., 2017a) remains suspicious.

Last but not least, even the absence of a strong correlation between the S-index and RV
measurements does not necessarily lean towards the planetary origin of the RV long-term signal; this
is because a relatively low correlation, at least partly, ensues from the temporal shift between the
S-index and RV variations, while it is much higher in the first ∼ 1000 d of observations (Knutson
et al., 2014b). Since we observed HAT-P-11 in GIARPS mode, we extracted the HAT-P-11 RVs
(median error on RV measurements: 1.24m s−1) and activity indicators from the HARPS-N spectra
(possible RV instrumental drift < 1m s−1 on years timescale) of the four transits of HAT-P-11 b to
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Figure 3.3: HIRES RV (top panel) and CaII S-index (bottom panel) measurements of HAT-P-11. The
two-time series show almost identical long-term variations with a shift of ∼ 500 days in the minimum.

look at their behaviour. For that purpose, we used the online v3.7 Data Reduction Software (DRS)
and cross-correlated the HARPS-N spectra with a K5 V synthetic stellar template (Pepe et al., 2002).
The S-index activity indicator is defined as the ratio between the sum of the fluxes of the CaII H &
K line cores, at 3968.470Å (H) and 3933.664Å (K), and the sum of the fluxes of the continuum
in two pass-bands centred at 3901.070Å (V ) and at 4001.070Å (R): S = α · H+K

R+V , with α = a
calibration constant (Lovis et al., 2011). It was computed with the v3.7 DRS as well, using the YABI
interface with custom parameters (e.g. Borsa et al. 2015). The variations of the HARPS-N RVs,
S-index and full width at half maximum (FWHM) of the cross-correlation function show an almost
identical behaviour (Fig. 3.4): the Pearson’s correlation coefficient is 0.94 between RVs and S-index,
and 0.98 between RVs and FWHM. This suggests that the ∼ 9− 10 yr long-term RV signal is more
likely due to the stellar activity cycle than to the long-period eccentric companion HAT-P-11 c.
Moreover, if the RV measurements of the last transit night actually caught the minimum of the
activity cycle, given that the HARPS-N RV peak-to-peak variation of ∼ 60 ms−1 is the same as
that observed by Yee et al. (2018), temporal shifts between the RV and S-index minima as caused
by hysteresis phenomena may not have occurred in the current activity cycle.

Even though our data suggest that the magnetic activity cycle is the most plausible origin of
the long-term RV signal, Hipparcos-Gaia absolute astrometry still provides hints that a long-period
companion may actually exist. The catalogues of astrometric accelerations produced by Brandt
(2018, 2021) and Kervella et al. (2019, 2022) indicate the presence of a proper motion anomaly
(PMA) at the mean Gaia epoch, whose signal-to-noise ratio (S/N) grows from S/N≃ 2.1 to S/N≃ 4.7

and from S/N≃ 2.8 to S/N≃ 4.3 between the Gaia DR2 and Gaia EDR3 editions of the former
and latter catalogue, respectively. Indeed, Xuan and Wyatt (2020) used the Hipparcos-Gaia DR2
PMA values in combination with the Bakos et al. (2010) RVs of HAT-P-11 to constrain the true
mass and inclination of the putative companion HAT-P-11 c. Fig. 3.5 shows the Hipparcos-Gaia
DR2 and DR3 PMA sensitivity curves based on Eq. (15) of Kervella et al. (2019), along with the
minimum-mass value of HAT-P-11 c derived by Yee et al. (2018) and the best-fit true mass obtained
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Figure 3.4: HARPS-N RV (top panel), CaII S-index (middle panel), and FWHM (bottom panel) measure-
ments of HAT-P-11 during the four HAT-P-11 b transit nights for atmospheric characterisation. The three
time series are highly correlated showing the same long-term trend, with no apparent shifts in the minima
of variations. The vertical dashed line indicates the predicted periastron time of the hypothetical planet c,
and the grey area shows its 1σ error bar accounting for the uncertainty on the orbital period from Yee et al.
(2018). Note: the HARPS-N radial velocities were divided by their median of -63420.4 m s−1, to make a
straightforward comparison with the HIRES radial velocities in Fig. 3.3.

by Xuan and Wyatt (2020). The Hipparcos-Gaia DR3 PMA sensitivity curve indicates that, at the
orbital separation of HAT-P-11 c, a companion inducing a statistically significant PMA should have a
mass of ∼ 3.5 MJup. In the Xuan and Wyatt (2020) analysis, the true mass value of HAT-P-11 c falls
below the PMA sensitivity curve, with a companion having true mass equal to the minimum mass
from Yee et al. (2018) compatible at ∼ 1.4σ. This is somewhat surprising as such a companion is not
expected to produce a PMA with S/N≳ 3. As the PMA technique heavily relies on the constraints
from the RVs in order to successfully provide inferences on the mass and inclination of a companion,
it is therefore possible that, if the long-term modulation in the RVs is actually dominated by the
activity cycle, then HAT-P-11 c exists at larger separation and with a different mass than those
inferred by Xuan and Wyatt (2020).

Radial-velocity modelling and improved mass determination for HAT-P-11 b

In the lack of strong evidence that the RV long-term trend is caused by the planet c with the orbital
parameters given in Yee et al. (2018) for the reasons explained above, we modelled the HIRES RVs
with a Keplerian orbit for the transiting planet HAT-P-11 b only, which has six free parameters: T0,
Porb, ec, es, the RV semi-amplitude, K⋆, and the RV zero point, γ.
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Figure 3.5: Sensitivity of the PMA technique to companions of given mass and orbital separation orbiting
HAT-P-11. The black long-dashed and solid curves correspond to the combinations of mass and orbital
radius explaining the PMA values at the mean Gaia DR2 and DR3 epochs, respectively. The shaded light
blue region corresponds to the 1σ uncertainty domain of the DR3 PMA, while the shaded magenta region
encompasses the 1 σ uncertainty of the DR2 PMA. The red diamond indicates the separation and minimum
mass of the HAT-P-11 c companion proposed by Yee et al. (2018), while the red hexagon corresponds to the
true mass value determined by the Xuan and Wyatt (2020) analysis.

To account for non-stationary stellar variations produced by magnetic activity phenomena, we
used Gaussian-process (GP) regression (e.g. Grunblatt et al. 2015, Haywood 2015, Haywood et al.
2014) with three different kernels, namely the squared-exponential (SE) kernel:

k(t, t′) = h2 · exp
[
−(t− t′)2

2λ2

]
+
[
σ2RV(t) + σ2jit

]
· δt,t′ , (3.3)

the quasi-periodic (QP) kernel

k(t, t′) = h2 · exp

−(t− t′)2

2λ2
−

2 sin2
(
π(t−t′)
Prot

)
w2

+
[
σ2RV(t) + σ2jit

]
· δt,t′ , (3.4)

and a third (QP-SE) kernel that is the sum of the QP and SE kernels in such a way as to simultaneously
model the stellar activity variations on both short-term rotation timescales (Eq. 3.4) and long-term
activity cycle timescales (Eq. 3.3), namely

k(t, t′) = h2rot · exp

−(t− t′)2

2λ2rot
−

2 sin2
(
π(t−t′)
Prot

)
w2
rot


+h2cycle · exp

[
−(t− t′)2

2λ2cycle

]
+
[
σ2RV(t) + σ2jit

]
· δt,t′ ,

(3.5)

where t and t′ are the epochs at two different RV observations, h is the semi-amplitude of the
correlated noise, λ is the correlation decay timescale, Prot is the period of the quasi-periodic variations,
w is the inverse complexity harmonic parameter, σRV(t) is the formal uncertainty of the RV point
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at time t, and σjit is the uncorrelated jitter term, which would absorb any extra white noise not
modelled by either the Keplerian or the GP.

Figure 3.6: Radial-velocity data analysis. Left panels: HIRES radial velocities of HAT-P-11 (black circles)
showing a clear long-term trend likely due to the stellar magnetic activity cycle. The best-fit models including
both the Keplerian signal of HAT-P-11 b and Gaussian-process regression with squared-exponential (top;
Eq. 3.3), quasi-periodic (middle; Eq. 3.4), and quasi-periodic+squared-exponential (bottom; Eq. 3.5) kernels
are indicated with red solid lines. Right panels: HAT-P-11 RVs (black circles) phase-folded with the transit
ephemeris of HAT-P-11 b, after removing the long-term trends modelled with Gaussian processes and the
same kernels as in the corresponding left panels. The Keplerian eccentric model is displayed with a red solid
line. We note the smaller and smaller scatter in the residuals as we move from top (SE kernel) to bottom
(QP+SE kernel).

We employed Bayesian differential evolution Markov chain Monte Carlo (DE-MCMC; Bonomo
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et al. 2015, Eastman et al. 2013, Ter Braak 2006) techniques to derive the posterior distributions
of the model parameters, by using the same prescriptions for the number and convergence of the
DE-MCMC chains given in Eastman et al. (2013) and Ford (2006). We imposed Gaussian priors on
T0 and Porb from the Kepler transit ephemeris and uniform priors on K⋆ and γ as well as on the GP
hyper-parameters h, λ, Prot, and w, with the boundaries specified in Table 3.3 for each GP kernel.
As for the eccentricity and stellar argument of periastron, we ran two analyses per kernel: in the first
one, we used uninformative priors on e and ω⋆, while in the second one we adopted Gaussian priors
from the results of the modelling of the optical secondary eclipse (Sect. 3.2.1). We took the medians
and the 15.87%-84.14% quantiles of the posterior distributions as the values and 1σ uncertainties of
the fitted and derived parameters.

In the first analysis with uniform priors on e and ω, we determined e = 0.277 ± 0.025 and
ω⋆ = 26.8 ± 8.6 with the SE kernel, e = 0.288 ± 0.022 and ω⋆ = 27.9 ± 7.0 with the QP kernel,
and e = 0.290± 0.021 and ω⋆ = 29.2± 6.7 with the QP-SE kernel. These are consistent with the
e and ω values derived in Sect. 3.2.1 at ≲ 1.5σ and ≲ 2.3σ, respectively. In the second analysis,
we found e = 0.2608± 0.0086 and ω⋆ = 13.5± 2.7 deg with the SE kernel, e = 0.2638± 0.0090 and
ω⋆ = 14.2± 2.6deg with the QP kernel, and e = 0.2654± 0.0091 and ω⋆ = 14.7± 2.6deg with the
QP-SE kernel. These e and ω determinations are closer to the values from the secondary eclipse
(∼ 0.6σ and ∼ 0.8σ, respectively) as expected from the use of the Gaussian priors on them. The
radial-velocity semi-amplitude, K⋆, does not vary from the first to the second analysis for a given
kernel, but was found to be slightly higher for the SE kernel, that is, K⋆ = 11.20± 0.50m s−1, to be
compared to K⋆ = 10.75± 0.41ms−1 and K⋆ = 10.78± 0.42ms−1 for the QP and QP-SE kernels,
respectively (see Table 3.3).

By using the Bayesian information criterion (BIC) as a proxy for the Bayesian evidence, we
found that the model with the QP-SE kernel is the most favoured, while that with the SE kernel
is highly disfavoured. We therefore adopted the orbital parameters of the former (QP-SE) model
(Table 3.3), which has also a more physical rationale because the rotation and activity cycle signals
were modelled with two different (QP and SE) kernels. On the other hand, the QP kernel had
to adapt to fit the activity cycle long-term variation in addition to the rotational signal, with its
hyper-parameters h and λ taking intermediate values between hrot and hcycle, and λrot and λcycle

in the third kernel (Eq. 3.5). We note that the GP models with both the QP and QP-SE kernels
properly retrieved a stellar rotation period of Prot ∼ 32− 33 d, close to Prot ∼ 29− 30 d as estimated
from the Kepler photometry, despite the large uniform prior adopted (see Table 3.3). We show the
best-fit GP+Keplerian models as a function of time in the left panel of Fig. 3.6, and the Keplerian
orbit due to HAT-P-11 b as a function of the orbital phase, after the removal of the GP activity
model, in the right panel of the same figure.

For the rest of our analysis, we decided to use the orbital solution that we obtained from the
analysis of transits and occultations due to the higher precision/accuracy in the determination
of e and ω. We combined the stellar parameters, the transit parameters from the Kepler light
curve (Sect. 3.2.1), and the RV parameters to derive a mass of Mp = 0.0787± 0.0048 MJ (Mp =

25.0±1.5M⊕) and a mean density of ρp = 1.172±0.085 g cm−3, for HAT-P-11 b. Finally, by knowing
both the mass of the star and the planet, we computed the value of the planetary RV semi-amplitude
Kp, which we used for the atmospheric characterisation in Sect. 3.3. All the derived parameters of
the HAT-P-11 planetary system are reported in Table 3.1.
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Table 3.3: Parameters and adopted priors of the RV models with Gaussian processes and three different
kernels (U and N stand for uniform and Gaussian priors, respectively).

Parameter Symbol Units C.I. Prior

Squared-exponential Gaussian process model [∆BIC = 56.8]

RV zero point γ ms−1 −3.2± 4.6 U ]−∞,+∞[

RV jitter σjit ms−1 3.29± 0.24 U [0,+∞[

GP-SE amplitude h ms−1 17.8+3.0
−2.4 U [0,+∞[

GP-SE decay timescale λ days 93.0+10.9
−9.9 U [0, 500]

Eccentricity e - 0.2608± 0.0086 N(0.258, 0.004)

Stellar argument of periastron ω⋆ deg 13.5± 2.7 N(12, 3)

Radial-velocity semi-amplitude K⋆ ms−1 11.20± 0.50 U [0,+∞[

Quasi-periodic Gaussian process model [∆BIC = 18.6]

RV zero point γ ms−1 −3.11+4.38
−4.51 U ]−∞,+∞[

RV jitter σjit ms−1 2.16± 0.24 U [0,+∞[

GP amplitude h ms−1 16.4+2.5
−2.0 U [0,+∞[

GP decay timescale λ days 146+34
−45 U [0, 500]

GP rotational period Prot days 32.73+0.27
−0.45 U [25, 40]

GP harmonic inverse complexity w 1.87+0.40
−0.29 U [0.1, 5]

Eccentricity e - 0.2638± 0.0090 N(0.258, 0.004)

Stellar argument of periastron ω⋆ deg 14.2± 2.5 N(12, 3)

Radial-velocity semi-amplitude K⋆ ms−1 10.72± 0.43 U [0,+∞[

Quasi-periodic+squared-exponential Gaussian process model [∆BIC = 0]

RV zero point γ ms−1 −3.3+11.7
−12.1 U ]−∞,+∞[

RV jitter σjit ms−1 1.94+0.21
−0.19 U [0,+∞[

GP rotational amplitude hrot ms−1 6.84+1.34
−1.12 U [0,+∞[

GP rotational decay timescale λrot days 58.1+13.4
−11.9 U [0, 500]

GP rotational period Prot days 31.81+0.76
−0.82 U [25, 40]

GP rotational harmonic inverse complexity wrot 1.09+0.26
−0.21 U [0.1, 5]

GP cycle amplitude hcycle ms−1 23.4+12.9
−6.6 U [0,+∞[

GP cycle decay timescale λcycle days 435+156
−119 U [0, 1000]

Eccentricity e - 0.2654± 0.0091 N(0.258, 0.004)

Stellar argument of periastron ω⋆ deg 14.7± 2.6 N(12, 3)

Radial-velocity semi-amplitude K⋆ ms−1 10.78± 0.42 U [0,+∞[
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3.3 Atmospheric characterisation of HAT-P-11 b at high spectral
resolution

3.3.1 Observations and data reduction

Four transits of HAT-P-11 b were simultaneously observed with the GIANO-B (wavelength range:
950− 2450nm, spectral resolving power R ≈ 50 000) and the HARPS-N (wavelength range: 383−
693nm, spectral resolving power R ≈ 115 000) high-resolution spectrographs in the GIARPS at
TNG configuration (Claudi et al., 2017) during the following nights: 7 July 2019; 18 June 2020; 19
September 2020; 13 June 2023. We only used the NIR (GIANO-B) observations for the present
work. A total of 240 spectra were collected during the four observing nights (60 during the first
one, 60 during the second one, 58 during the third one, and 62 during the fourth one), each with an
exposure time of 200 s. The observations were performed with the nodding acquisition mode ABAB,
where target and sky spectra were taken in pairs while alternating between two nodding positions
along the slit (A and B) separated by 5′′, allowing an optimal subtraction of the detector noise and
background. All the observations were scheduled in order to obtain spectra before, during, and
after the transit with airmass between 1 and 2. The measured mean signal-to-noise ratio (S/N) per
spectrum, averaged across the entire spectral range and dataset, is between 48 and 59. In Table 3.4
a schematic log of the observations is reported.

GIANO-B spectra cover the Y, J,H,K spectral bands in 50 spectral orders. The raw spectra
were dark-subtracted and extracted using the GOFIO pipeline Python 3 version (Rainer et al., 2018).
Although GOFIO also performs a preliminary wavelength calibration using U-Ne lamp spectra as
a template, the mechanical instability of the instrument causes the wavelength solution to change
during the observations.

Table 3.4: Log of the GIANO-B observations of the four transits of HAT-P-11 b.a

Night Airmass Nobs texp [s] (S/N)avg (S/N)min to (S/N)max

7 July 2019 1.17 → 1.06 60 200 58 12− 115
18 June 2020 1.23 → 1.06 60 200 59 9− 110
19 September 2020 1.06 → 1.23 58 200 52 2− 100
13 June 2023 1.37 → 1.09 62 200 48 2− 101

Notes. (a) From left to right we report: the date at the start of the observing night; the airmass during the planetary
transit; the number of observed spectra Nobs; the exposure time per spectrum texp; the signal-to-noise ratio averaged
across the whole spectral range (S/N)avg; the range of signal-to-noise ratios (S/N)min to (S/N)max in the individual
spectral orders.

Since the U-Ne lamp spectrum is only acquired at the end of the observations to avoid persistence
on the camera, the wavelength solution of the spectra determined by GOFIO is not sufficiently
accurate and is expected to shift and jitter between consecutive exposures.
In order to correct this shift, the spectra have been aligned to a common reference frame via
cross-correlation with a time-averaged observed spectrum of the target used as a template. Thanks to
this correction, we achieved a residual scatter in the measured peak position of the cross-correlation
function (i.e. a residual shift of the spectra) well below 0.3 km s−1 (approximately 1/10th of a pixel)
for most of the spectral orders.

As these observations were performed from the ground, the spectra are contaminated by the
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presence of telluric lines (i.e. absorption lines due to the chemical species present in the Earth’s
atmosphere). However, the telluric spectrum provides a good wavelength-calibration source, since the
lines’ position does not change with time and the lines’ wavelength is well known. Refined wavelength
calibration is made by matching a set of telluric lines in the time-averaged observed spectrum with
a high-resolution model of the Earth transmission spectrum generated via the ESO Sky Model
Calculator (Noll et al., 2012), and solving for the pixel-wavelength relation with a fourth-order
polynomial fit. The spectral orders that showed either heavily saturated telluric lines or a high
residual drift (> 0.4pixels) have been excluded from the rest of the analysis. In particular, the
excluded orders are: 8-10, 23, 24, 40-49 (in the GIANO-B spectra, order 0 is the reddest and order
49 is the bluest).

3.3.2 Orders’ selection and telluric removal procedure

At this stage of the analysis, the planet spectrum is overshadowed by the stellar and telluric
spectra. However, the planet’s orbital velocity has a non-zero radial component during transit
(vp,⊥ ≈ 10 km s−1); consequently, while telluric and stellar lines are stationary or quasi-stationary
(the stellar barycentric radial velocity changes by few m s−1 during transit events) in wavelength, the
planet spectrum experiences a detectable change in Doppler shift during the ∼ 140min of transit.
This property can be used to disentangle the planetary signal from the stationary components that
we have to remove.

Before removing these contaminating components, we performed an optimal selection of the
spectral orders, for each molecular species we wanted to search for and for each night, to discard the
orders that did not contain enough signal (i.e. molecular lines) and/or were strongly contaminated
by telluric and stellar lines, following the method explained by Giacobbe et al. (2021). In particular,
we injected single-species model planetary spectra at planetary radial velocity into the observations
just before the telluric removal procedure. We then searched for these artificial signals and measured
their significance order by order, by using the same procedure as for the detection of molecules
(including the telluric removal procedure). The injected models were computed as those used
for cross-correlation (see Sect. 3.3.3), except that they were amplified to be detectable at > 3σ

potentially in each order. Therefore, an order was selected if we were able to recover the injected
signal in that order. In particular, an order was selected when the most significant signal was
recovered within ±3 km s−1 from the planetary rest-frame velocity and ±30 km s−1 from the expected
planetary radial-velocity semi-amplitude Kp (see Sect. 3.3.3) with a significance greater than 3σ.
The spectral orders selected for each molecular species, for each night, are reported in Table 3.5.

We underline that, for the orders’ selection procedure, the injected signal was not used to optimise
the telluric removal procedure via the signal-recovery maximisation, but it was used only with the
aim of selecting the orders where molecular absorption for a single species was likely to occur and/or
the contamination by telluric residuals and other systematic effects (e.g. the wavelength-dependent
efficiency of GIANO-B, night-by-night variations of the observing conditions) was minimised.

In this work, in order to remove telluric and stellar spectra, a principal component analysis (PCA)
was conducted, after having masked the deepest absorption lines. PCA is often used in HRS analyses
(e.g. de Kok et al. 2013) and successfully applied to GIANO-B data in previous works (e.g. Carleo
et al. 2022, Giacobbe et al. 2021, Guilluy et al. 2022). As briefly described in Sect. 1.4.3, the idea
behind this technique is to identify common trends in the spectra as a function of time (in this case
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Figure 3.7: Example of the stages of the GIANO-B data reduction process applied to real GIANO-B spectra
over a short wavelength interval (x -axis). The planetary orbital phase is reported on the y-axis . From top to
bottom panel: (a) the extracted spectra; (b) residual spectra after having normalised each spectrum (each
row) by its median value to correct baseline flux differences between the spectra that are due, for example,
to variable transparency of the atmosphere, imperfect telescope pointing, or instability of the stellar point
spread function; (c) residuals after each spectral channel (each column) had its mean subtracted; (d) residuals
after having masked the strongest or saturated telluric lines and having removed the telluric and stellar
spectra with the PCA; as it can be seen also other spurious effects such as the alternating pattern visible
at certain wavelengths likely related to the instrument A-B nodding are effectively removed with PCA; (e)
residuals after having applied a high-pass filter to each row of the residual matrix (this step mitigates any
residual correlation between different spectral channels).

represented by telluric and stellar lines in different spectral channels) and remove them. PCA was
applied to data of each spectral order selected for a particular molecular species, for each night. It
consists of computing the principal components of the M×N data matrix (M = 58 − 62 spectra,
N = 2048 pixels) representing the single spectral order. The principal components correspond to the
eigenvectors of the associated covariance matrix and, for each eigenvector, the associated eigenvalue
denotes the contribution of that component to the data variance.

The complete telluric removal procedure was conducted as follows. First, we normalised each
spectrum to its median value, to correct baseline flux variations. Then, we masked the spectral
channels with stronger or saturated telluric lines. To do this, we subtracted the time-averaged
spectrum to all the spectra (i.e. we subtracted to each spectral channel its mean value), computed
the standard deviation of data in each spectral channel and its median value (σm), and then we
masked the spectral channels that had a standard deviation σλ > 1.5 · σm. After subtracting the
time-averaged spectrum from all the spectra and masking highly contaminated spectral channels, we
reduced data to a null-mean variable by subtracting to each spectrum its mean value computed on
the different spectral channels. Then, the principal components were computed using the PCOMP

IDL routine7. The output eigenvectors were ordered in decreasing contribution to the variance
and we selected the minimum number of components that together contributed up to 70% to the

7https://www.nv5geospatialsoftware.com/docs/PCOMP.html

Mario Basilicata 60

https://www.nv5geospatialsoftware.com/docs/PCOMP.html


3.3. Atmospheric characterisation of HAT-P-11 b at high spectral resolution

data-variance. In the literature there is no consensus on how to choose the appropriate number
of components to remove; we adopted the 70% threshold on the variance as it was an empirical
value that seemed to be representative of the telluric contribution to the data variance, according to
different tests performed during last years. It is worth noting that, as shown in Sect. 3.3.4, the results
of this work are not significantly affected by small changes in the number of principal components
removed. Once the number of principal components was selected (between 9 and 23, depending
on the quality of the night and the spectral order), the matrix that should mainly describe the
telluric and stellar contaminations was built via a linear combination of the principal components
and removed from the original data matrix, obtaining an ideal residual telluric- and stellar-free
matrix. Finally, we applied a high-pass filter to each row of the residual matrix to remove any
possible residual correlation between different spectral channels. In Fig. 3.7, we report the stages of
the GIANO-B data reduction process are described with an example. The goodness of the telluric
(or stellar) lines removal was evaluated by a visual inspection of the residual matrix of each spectral
order and of the cross-correlation values as a function of planetary orbital phase computed between
data and the H2O (or CO) model (see, e.g. Fig. 3.9).

In Table 3.5 we report the number of principal components removed by PCA for each selected
spectral order, for the different molecular species and nights.

3.3.3 Planet signal extraction via cross-correlation

As the faint planetary signal is very dispersed by the high-resolution spectrograph, it can only be
extracted by cross-correlating the residual data with template transmission spectra of the planet’s
atmosphere, as described in Sect. 1.4.2. In order to do this, we built different models of the
atmospheric transmission spectrum of HAT-P-11 b with PetitRADTRANS (Mollière et al., 2019).
All the simulated models assumed an isothermal atmosphere at the equilibrium temperature of the
exoplanet at the transit epoch, assuming a heating re-distribution efficiency of ϵ = 1 (Teq = 699K),
as described in Sect. 3.2.1, and are computed between 10 bar and 10−8 bar in pressure. The models
assume constant-with-altitude abundance (volume mixing ratio) profiles. The different models, one
for each molecule that we wanted to test the presence of, assumed fixed values of the volume mixing
ratios (VMR) of molecular hydrogen VMRH2 = 0.855 and helium VMRHe = 0.145 and assumed
a VMRmolecule = 10−3 for the molecule to test (single-species models). Although these values do
not match any specific chemical scenarios, this was the simpler framework we could adopt to probe
the presence of a particular molecule. We investigated the presence of eight molecular species, very
common in the atmosphere of hot giant planets: water vapour (H2O), methane (CH4), ammonia
(NH3), acetylene (C2H2), hydrogen cyanide (HCN), carbon monoxide (CO), carbon dioxide (CO2),
and hydrogen sulfide (H2S). In Fig. 3.8, we show the model atmospheric spectra used as templates
for the different molecular species that we probed.

In order to probe the presence of a particular molecule, after having performed the PCA, we
computed the cross-correlation function (CCF) between the template spectrum associated with the
molecule and the data. The CCF was evaluated shifting the model in wavelength on a fixed grid
of RV lags (∆RV = c · ∆λ

λ ) from −270 km s−1 to +270 km s−1, in steps of 0.1 km s−1. The numeric
computation was performed using the C_CORRELATE Pxy(L) IDL function8, with null lag

8https://www.nv5geospatialsoftware.com/docs/C_CORRELATE.html
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Figure 3.8: Model atmospheric transmission spectra used as templates, in the GIANO-B spectral range. In
order to search for the presence of a molecular species, we computed the CCF between the template spectrum
associated with the molecule and the data, as described in the text. The spectra of the eight molecular
species that we probed are split into two panels for clarity (left panel: H2O, CH4, NH3, HCN; right panel:
C2H2, CO2, CO, H2S).
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Figure 3.9: Examples of CCF values as a function of planetary orbital phase computed with data from the
second observing night (18 June 2020) and model containing only H2O (top panel) or CO (bottom panel) lines.
The horizontal dashed lines represent the transit ingress and egress while the dash-dotted line represents the
expected CCF peak trail due to the planetary motion as measured in the observer rest frame. The expected
CCF peak trail in transit is not represented for clarity. As it can be seen, due to the faintness of the signal,
the CCF peak trail is not visible by eye. This kind of plots serves as a visual check of any remaining telluric
and stellar residuals, in this case showing no residuals and signifying that these are adequately corrected by
the PCA.

(L = 0), since the RV lags were applied to the wavelength array associated to the model and then
the model was interpolated (via spline interpolation) on the same wavelength array of data before
computing the CCF (i.e. with lag = 0). For every night and exposure, the CCFs calculated for each
selected spectral order are co-added to obtain a single CCF for each exposure of each night.

Thanks to the high-resolution spectroscopy technique, it is possible to measure the Doppler
shift of the spectral lines due to the planet’s orbital motion. In this way, in order to be sure that
a particular spectral feature is produced by a molecule in the atmosphere of an exoplanet, the
signal should have a Doppler shift that ‘follows’ the planetary movement and therefore we should
observe that the peak of the CCF moves in wavelength as time passes according to the planetary
motion-induced Doppler shift. We assumed that the measured Doppler shift of the planetary spectral
lines (VRV = c · ∆λ

λ ) is made of three-velocity components (see Eq. 1.23). For what it concerns
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the planetary radial velocity time-dependent contribution (Vp, see Eq. 1.24), for our analysis, it
is convenient to re-express Kp isolating the term containing the eccentricity (see Eq. 1.26) and
grouping all the others in the constant K̃p:

Kp = K̃p ·
1√

1− e2
. (3.6)

In Fig. 3.9 we report, as an example, a plot of the CCF values as a function of the planetary
orbital phase computed between the models of H2O and CO and the data of the second observing
night (18 June 2020). As it can be seen, the CCF peak trail is not visible by eye, since also at
this stage of the analysis the planetary signal is too faint. This kind of plot helps in checking the
telluric (stellar) spectrum-removal procedure since any strong residual signal due to a non-optimal
telluric (stellar) subtraction would produce a spurious vertical trail of CCF peaks at a radial-velocity
RV = 0 km s−1 (RV = Vsys, neglecting the few ms−1 motion induced by the planet onto the star)
when data are cross-correlated with the H2O (CO) templates. A benefit of the eccentric orbit of
HAT-P-11 b is that the planetary radial velocity during the transit always remains strictly negative
(∼ −30 km s−1 at the transit midpoint). This, combined with the high Vsys, shifts the planetary
signal at ∼ 100 km s−1 far from the signal of the telluric lines (that is at RV = 0 km s−1), further
reducing spurious contaminations due to the Earth’s atmosphere.

If in the atmosphere of an exoplanet a molecule is present, its spectral signal has a null Doppler
shift measured in the exoplanet rest frame (i.e. planetary rest-frame velocity Vrest = 0 km s−1), in
the absence of a Doppler shift induced by atmospheric dynamics, as described in Sect. 1.4.2. It
follows that, after having subtracted the barycentric, systemic and planetary RV from the CCF
trails, all the CCF peaks should align at Vrest = 0 km s−1.

We took advantage of the high sampling of the CCF (larger than the GIANO-B pixel scale of
∼ 3 km s−1) for a precise shift of the CCF trails into the planetary rest frame. However in order to
avoid the use of correlated data points in our analysis, we binned the CCF values in radial velocity
using a bin width of 2.7 km s−1. We took the median of the CCF values in each radial velocity bin
as the value of the CCF associated with each bin, before co-adding the CCF values in phase for each
trial Kp.

In this work, we explored a range of Kp values by varying the value of K̃p between 0 km s−1

and 200 km s−1 in steps of 2.7 km s−1, having fixed the eccentricity and the other orbital parameters
to the values reported in Table 3.1. This means that the corresponding explored range of Kp is
[0; 207] km s−1 (this is the Kp range reported in the Kp − Vrest maps in the next section and it is
computed from K̃p using Eq. 3.6 with the value of e from Table 3.1). The expected value of Kp was
computed according to Eq. 1.26, by using the orbital and physical parameters (i.e. Porb, e, i, M⋆, Mp)
reported in Table 3.1. As reported in Table 3.1, the expected value of Kp is K̂p = 123.4± 9.9 km s−1

and, consequently, the expected value of K̃p is ˆ̃Kp = 119.3± 9.5 km s−1.

3.3.4 Results

We first co-added the data of all the 4 observing nights and built the signal-to-noise ratio (S/N)
Kp−Vrest maps for the different probed molecules, obtained by cross-correlating data with models and
dividing the result by the standard deviation of the noise far from the peak (|Vrest| > 25 km s−1), to
search for significant (S/N > 3) signals following the expected planetary RV (“potential detections”).
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Figure 3.10: Signal-to-noise ratio Kp − Vrest maps for the probed chemical species: H2O, CH4, NH3, C2H2,
HCN, CO, CO2, and H2S. Each Kp−Vrest map shows the S/N of the cross-correlation of the GIANO-B spectra
(4 transits combined) with isothermal atmospheric models, as a function of the planet’s RV semi-amplitude
(Kp) and the planet’s rest-frame velocity (Vrest). The S/N is computed by dividing the peak value of the
cross-correlation function at each Kp by the standard deviation of the noise far from the peak, as described
in the text. Negative S/N values correspond to anti-correlation. The vertical and horizontal white dashed
lines correspond to Vrest = 0 km s−1 and the expected Kp value (K̂p), respectively.

In Fig. 3.10, we report the S/N Kp − Vrest maps for the different tested molecules, obtained by
cross-correlating data with the different models and following the procedure explained in Sect. 3.3.3.
As it can be seen, we obtain a signal around the expected planetary position in the Kp − Vrest maps
with S/N > 3 for 4 molecular species: H2O (S/N = 5.1), CH4 (S/N = 4.8), NH3 (S/N = 5.3), and
CO2 (S/N = 3.0).
Then we computed the significance of the planetary signals by performing a Welch t-test (Welch,
1947) on two samples of CCF values: the former far (|Vrest| > 25 km s−1) from the planet’s rest-frame
velocity (“out-of-trail”) and the latter near to it (|Vrest| < 3 km s−1, “in-trail”). The test rejects the
null hypothesis (H0) that the two samples have the same mean (and therefore that the CCF signal
produced by the planet is only a statistical fluctuation of the background signal value) at a certain
significance level that we adopted as the significance (σ) of our detections. In particular, the Welch
t-test rejected the null-hypothesis with a certain probability value (p− value). We then computed
the Gaussian distribution inverse survival function of this probability value (halved), in order to
compute the σ value associated to that probability. This σ value was adopted as the significance
of the detection. Our significance calculations are based on the hypothesis of uncorrelated noise,
which has been shown to be a valid approximation in previous works (e.g. Brogi et al. 2018, Guilluy
et al. 2019). The distributions of CCF values “in-trail” and “out-of-trail” used for computing the
significance of the detections via the Welch t-test are shown in Fig. 3.11, for all the probed species.
In case of a non-detection for a particular molecular species, the mean values of the “in-trail” and
“out-of-trail” CCF histograms are expected to be the same (and equal to 0).
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In order to build the significance Kp−Vrest maps, for each molecular species, the Welch t-test was
performed on CCF “in-trail” and “out-of-trail” distributions centred at the different Vrest explored,
for each trial Kp. In Fig. 3.12, we report the significance Kp − Vrest maps for the different tested
molecules, obtained by performing the Welch t-test on “in-trail” and “out-of-trail” CCF distributions.
As it can be seen from the maps, the peak of the signal for the four potentially detected species has
a significance of 3.4 σ (H2O), 2.6 σ (CH4), 5.0 σ (NH3), and 3.2 σ (CO2). For the other four probed
species, we measure no significant chemical signature at the planetary RV, and therefore we consider
them as non-detections and focus our attention and following analyses on the signals of H2O, CH4,
NH3, and CO2 only.

Figure 3.11: Distribution of CCF values far (|Vrest| > 25 km s−1) from the planet’s rest-frame velocity
("out-of-trail", OOT, dashed lines) and near to it (|Vrest| < 3 km s−1, “in-trail”, INT, solid lines) for the
probed chemical species. The Welch t-test used to estimate the significance of the detections was performed
on these distributions.

It is interesting to notice the orientation of the signals in the Kp − Vrest maps, which is typically
vertical for atmospheric transmission studies (e.g. Giacobbe et al. 2021) and sloped for atmospheric
emission studies (e.g. Line et al. 2021). This is due to the eccentric orbit of HAT-P-11 b that makes
the planetary RV to be not symmetrical around 0 km s−1 during the transit (it is always strictly
negative), as it happens for planets on circular orbit observed in emission (i.e. at orbital phases
different from 0 or 0.5).

Finally, for the four selected species, we computed how much the Doppler signature of the signals
is in accordance with the expected planetary RV. In order to do this, we built contour plots of the
detection significance, defining the 1σ and 2σ significance intervals as the regions of the Kp − Vrest

maps where the significance drops by 1σ and 2σ, respectively, with respect to the significance peak,
and looked at where the expected position of the atmospheric signal in the Kp − Vrest maps was
with respect to those intervals. In Fig. 3.13, we report the contour plots of the detection significance
for the four chemical species. As it can be seen, the signals we measure have a Doppler signature
compatible with the planetary one at < 1σ, for all four molecules.
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Figure 3.12: Significance Kp−Vrest maps for the tested chemical species: H2O, CH4, NH3, C2H2, HCN, CO,
CO2, and H2S. Each Kp − Vrest map shows the significance of the cross-correlation signal of the GIANO-B
spectra (4 transits combined) with isothermal atmospheric models, as a function of the planet’s RV semi-
amplitude (Kp) and the planet’s rest-frame velocity (Vrest). The significance is computed with a Welch t-test :
for each molecular species, the Welch t-test was performed on CCF “in-trail” and “out-of-trail” distributions
centred at the different Vrest explored, for each trial Kp. The vertical and horizontal white dashed lines
correspond to Vrest = 0 km s−1 and the expected Kp value (K̂p), respectively.

Figure 3.13: Contour plots of the detection significance of the four selected chemical species. The solid
(dashed) lines represent the 1σ (2σ) interval around the peak value of the significance (marked with a red
cross). These intervals are computed as described in the text. The point of the Kp − Vrest map in which
the 2 black dashed lines (the horizontal one corresponds to the expected Kp value, while the vertical one
corresponds to Vrest = 0 km s−1) cross each other represents the expected detection significance peak position
in the case in which the detected signal has a planetary origin. As it can be the significance peak position is
compatible with the planetary origin hypothesis at better than 1 σ for all the 4 species.

Before claiming any detection, we checked the reliability of our results by performing a further
test, described in the following. For each of the four chemical species, we combined the matrices of
the CCF as a function of the orbital phase (see, e.g. Fig. 3.9) of the four observing nights in a single
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CCF matrix with the rows sorted in crescent orbital phase. Then, we randomly shuffled the CCF
order in phase (this corresponds to shuffling the sequence of observed spectra in time, including the
out-of-transit ones) 250 times. For each shuffle, we built both the S/N and the significance Kp−Vrest
maps in a restricted interval of Kp = [89.4; 156.5] km s−1 (corresponding to K̂p ± 34 km s−1) and
Vrest = [−10; 10] km s−1, in order to test the presence of spurious signals that have not a planetary
origin but can produce significant features around the expected signal position in the maps due to
some peculiar time-correlated noise. We only analysed a restricted interval around the expected Kp

and Vrest since we were interested to look for possible spurious signals that could be interpreted as a
detection by having an RV similar to the planetary one. The chosen interval seemed a good trade-off
between being sufficiently large to include possible shifts of the signal in Kp and Vrest and being
sufficiently small to exclude RV values not compatible with the planetary one. We repeated this test
for the four selected chemical species and for each species we studied the distributions of the S/N
and significance values obtained in the chosen Kp − Vrest interval, combining the 250 permutations.
In this way, we obtained a distribution of 43 750 values of S/N (corresponding to the 25 values of
Kp of the interval × the 7 values of Vrest of the interval × 250 permutations) and 43 750 values of
significance. In Fig. 3.14 and Fig. 3.15, we report the distributions of S/N and significance values
obtained, respectively. The results of this test are reported in Table 3.6. As it can be seen, for all
the 4 molecular species, 95% of the test yields signals with S/N < 3 and significance ≤ 2.5 σ in the
selected Kp − Vrest interval, while 99.73% of the test yields S/N ≤ 4.6 and significance ≤ 4.2 σ, in
the same interval.

Figure 3.14: Distribution of S/N obtained in the selected Kp − Vrest interval by shuffling 250 times the time
order of the observed spectra, for each of the four selected chemical species. The vertical dashed (dash-dotted)
lines represent the borders of the intervals enclosing the 95% (99.73%) of the S/N values, corresponding to
the 2.5%− 97.5% (0.135%− 99.865%) quantiles of the distributions. These intervals are reported in Table 3.6.

After having performed this test, for each of the four molecular species we computed the
probability (p-values) of randomly drawing from the distributions reported in Fig. 3.14 and Fig. 3.15,
the S/N and significance values that we measure. To compute the p-values for the S/N (significance)
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Figure 3.15: Distribution of significance (from the t-test) obtained in the selected Kp − Vrest interval by
shuffling 250 times the time order of the observed spectra, for each of the four selected chemical species.
The vertical dashed (dash-dotted) lines represent the borders of the intervals enclosing the 95% (99.73%) of
the significance values, corresponding to the 95% (99.73%) quantile of the distributions. These intervals are
reported in Table 3.6. Since the 50% of the significance values (∼ 20 000 values) are < 0.2 σ for all the 4
chemical species, the plots of the distributions are limited on the y-axis in the interval [0; 650] for clarity.

Table 3.6: Signal-to-noise ratio and significance from the t-test (σ t-test) values delimiting the 95% and
99.73% intervals of the distributions obtained by performing the reliability test described in the text for the
four selected molecular species.

Molecule S/N S/N σ t-test σ t-test
(95%) (99.73%) (95%) (99.73%)

H2O [−2.5; 2.9] [−4.1; 4.6] ≤ 2.5 ≤ 4.2
CH4 [−2.8; 2.6] [−4.0; 4.1] ≤ 2.4 ≤ 4.1
NH3 [−2.8; 2.6] [−4.6; 4.2] ≤ 2.3 ≤ 3.7
CO2 [−2.5; 2.7] [−3.7; 4.5] ≤ 2.2 ≤ 3.9

value, we summed the occurrences of S/N (significance) greater than the S/N (significance) measured
and divided them by 43 750. We report the p-values in Table 3.7. As it can be seen, for all the four
molecular species we obtain a p-value ≤ 2.5% for the S/N and ≤ 3.8% for the significance, so there
is less than 5% of probability that these signals are due time-correlated noise.

In Table 3.7, we summarise the significance level of the signal of the four molecular species
of interest obtained with different statistical methods. From these results, we conclude that we
have a statistically robust detection of NH3, which is the most significant signal (5 σ) and the one
with the lowest p− values (< 0.04%). We consider the H2O as a detection, even though it is less
statistically robust than the NH3 one, since it has already been detected at low-resolution multiple
times in the atmosphere of HAT-P-11 b (see the literature cited in Sec. 3.1) and therefore we can
be more confident about the reliability of the signal we measure. Since the t-test significance for
the signal of CH4 is < 3 σ, the significance Kp − Vrest map presents a second comparable peak at
Vrest ≈ 20 km s−1, and the associated p-value is the highest among the four chemical species, even
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if the signal has an S/N= 4.8 and a Doppler signature that is compatible with the planetary one
at < 1 σ, the detection of this molecular species remains tentative as it is not sufficiently robust
from a statistical point of view. Even though the signal from CO2 has both the S/N and significance
≥ 3 σ and the RV trail is compatible with the planetary one at < 1 σ, it has the lowest S/N and the
highest S/N p-value among the four selected species. For these reasons, we consider the detection
of CO2 as tentative too. As it can be seen, for what concerns these two tentative detections, even
though we obtain signals at the expected planetary RV, they are not sufficiently statistically robust
and we suggest conducting further studies to unambiguously assess the presence of CH4 and CO2 in
the atmosphere of HAT-P-11 b.

Table 3.7: Significance of the detections calculated with different statistical methods.

Molecule S/N Welch t-test Planetary RV p-value p-value Statusa

Significance Compatibility S/N σ t-test

H2O 5.1 3.4 σ < 1 σ 0.046% 1.3% D
CH4 4.8 2.6 σ < 1 σ 0.023% 3.8% TD
NH3 5.3 5.0 σ < 1 σ 0.039% 0.011% D
CO2 3.0 3.2 σ < 1 σ 2.5% 1.3% TD

Notes. (a)D stands for ‘detected’ and TD stands for ‘tentatively detected’.

In order to further assess the robustness of our analysis, for what it concerns the impact of
the number of principal components removed by the PCA (changing with the spectral order and
night) on the final results, we also repeated the whole analysis removing a fixed number of principal
components with the PCA for all the selected spectral orders per-molecule, an for all the observing
nights. We performed this test twice, the first time we removed 9 principal components (the minimum
number of principal components removed in our work among the different spectral orders and nights),
the second time we removed 23 components (the maximum number of principal components removed
in our work among the different spectral orders and nights). We obtain that none of these 2 extreme
conditions changes our interpretation of which chemical species we detect (i.e. H2O and NH3), and
which chemical species we tentatively detect and need further investigations (i.e. CH4 and CO2),
even if their S/N and significance slightly change (at less than 1 σ level), as expected.

Finally, to assess the robustness of the final results (in particular the detection of H2O and
NH3) in relation to the impact of the spectral orders’ selection procedure on the CCF analysis, we
performed an additional test. In this test, we repeated the analysis refining the orders’ selection
procedure to assess the presence of possible spurious signals near the expected planetary radial
velocity that could lead to possible false positive detections.

In particular, for each of the two detected molecules (i.e. H2O and NH3) and for each night,
we started from the spectral orders’ lists selected with the procedure described in Sect. 3.3.2 (and
reported in Table 3.5) and refined the selection in the following way:
- step 1) for each of the selected spectral order, we applied the PCA and computed the signal-to-noise
ratio (S/N) Kp − Vrest maps by cross-correlating the spectra of that order with the single-species
model for the tested molecule;
- step 2) for each of the selected spectral order, we injected the single-species model for the tested
molecule into the data at the planetary radial velocity and then applied the PCA and computed the
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Figure 3.16: Change in S/N (∆S/N) due to the injection of the model of H2O (left) and NH3 (right) into
the data, as a function of the selected spectral orders in the different nights. The black horizontal dashed line
represents the 2 σ threshold.

signal-to-noise ratio (S/N) Kp − Vrest maps by cross-correlating them with the model itself;
- step 3) finally, for each spectral order, we computed the change (∆S/N) in the S/N of the CCF peak
at the planetary radial velocity obtained in the two previous steps (i.e. data alone and data+injected
model) and selected the orders that showed a ∆S/N ≥ 2 σ.
With this kind of selection, we selected the orders that not only allowed to retrieve the injected
signal but also showed a significant increase of the S/N of the CCF peak when the model itself was
injected into the data, further minimising the possible presence of spurious systematics in the final
dataset that could lead, for example, to false positive signals. In Fig. 3.16 we report the ∆S/N for
the different selected orders and nights. As it can be for most of the selected spectral orders the
increase of S/N is > 2 σ.

Given the 2 σ threshold we discarded the following orders from the original lists:
- for H2O: order 3 (night 1), order 15 (night 3);
- for NH3: order 35 (night 1), order 21 (night 2), order 5 (night 4).

We then repeated the telluric removal procedure and the CCF analysis using the updated selected
orders’ lists and built the Kp − Vrest maps (Fig. 3.17), obtained by combining the signal of the four
nights. As it can be seen, we confirm the detection of both the molecules obtained in the main
analysis: for H2O we obtain a CCF peak at the expected planetary radial velocity with an S/N= 5.1

and a t-test significance of 3.5 σ; for NH3 we obtain a CCF peak at the expected planetary radial
velocity with an S/N= 4.8 and a t-test significance of 4.0 σ. As it can be seen, removing the orders
that showed a ∆S/N < 2 σ, the result of this test does not lead to significative differences (≤ 1 σ)
with the conclusion reached in our work, giving more robustness to our analysis.

In summary, in this work, we report the detection of two molecular species (i.e. H2O and NH3)
in the atmosphere of HAT-P-11 b and the tentative detection of two others (i.e. CH4 and CO2),
whose presence has to be assessed by further studies.
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Figure 3.17: Signal-to-noise ratio (left panels) and Welch t-test significance (right panels) Kp − Vrest maps
for the 2 tested chemical species (top for H2O, bottom for NH3) obtained by combining data from the four
observing nights excluding spectral orders with ∆S/N < 2 σ. The point where the 2 white dashed lines cross
each other is the expected position of a signal with planetary origin.

3.3.5 Discussion

The significance of the detections reported in this work is lower than that of the species detected in
other hot and warm Jupiters’ atmospheres, which even reached the 10σ level (e.g. Giacobbe et al.
2021). This is mainly due to the lower atmospheric signal level of warm Neptune-size exoplanets (the
atmospheric signal level is ≈ 2HsRp/R

2
⋆, where Hs is the atmospheric scale height, and therefore it

is ∼ 55 ppm9, assuming an atmospheric mean molecular weight of µ = 2.3 g mol−1, for HAT-P-11 b)
and underlines the difficulty in probing the atmospheric features of this class of exoplanets.

Detected species in the HAT-P-11 b planetary context

Our detection of water vapour in the atmosphere of HAT-P-11 b is in accordance with the results of
Fraine et al. (2014), Tsiaras et al. (2018), Chachan et al. (2019), and Cubillos et al. (2022). The
signal from the methane, which we measure at the expected planetary radial velocity, supports the
results obtained by Chachan et al. (2019) and Cubillos et al. (2022), who suggested the presence
of CH4 from the analysis of HST data however, as told in the previous section, the significance of
the signal is very low and therefore we cannot confirm the presence of this molecular species in the
atmosphere of HAT-P-11 b and further studies are required.

The hot and warm Neptunes’ atmospheric chemistry and dynamics are different from the ones
that act in the hot and warm Jupiters’ atmospheres, mainly because of the smaller radius and mass
and the possible higher metallicity of the former (Moses et al., 2013). The atmospheric composition
of individual exoplanets also depends on their effective temperature, formation history, atmospheric
evolution, orbital parameters, and irradiation environment, so it is difficult to predict their exact
atmospheric properties. However, for what concerns the chemical composition, some general trends
with temperature, metallicity and C/O ratio can be found, as shown in the works of Moses et al.

9For comparison, HD209458 b investigated by Giacobbe et al. (2021) has a 2HsRp/R
2
⋆ ∼ 164ppm, assuming

µ = 2.3 gmol−1.

Mario Basilicata 72



3.3. Atmospheric characterisation of HAT-P-11 b at high spectral resolution

(2013), who particularly focused on hot Neptunes, Madhusudhan (2012) and Fonte et al. (2023).
Even though with this work we are not able to constrain HAT-P-11 b atmospheric physical and

chemical properties (such as the elemental abundances), we can still make some general considerations
about our detections. In particular, under thermochemical equilibrium, the presence of hydrocarbons,
like HCN and C2H2, is particularly favoured in carbon-rich environments (C/O ≳ 1) at high
temperatures (T ≳ 1000K). This is in line with our non-detections of these two chemical species,
given the relatively low-temperature atmosphere (Teq ∼ 700K) of the target we analysed. Chachan
et al. (2019) measured an atmospheric C/O ratio close to unity (C/O= 0.97+0.59

−0.46). A C/O value close
to unity together with a low-temperature environment favours the formation of ammonia, which is
the molecule that we detected with the highest significance and the second nitrogen-bearing species
we probed. In addition, at temperatures lower than T ≲ 1300K, the formation of H2O and CH4 is
favoured, in accordance with our detection of H2O and tentative detection of CH4, considering the
HAT-P-11 b equilibrium temperature.

Another interesting result of our work is the tentative detection of CO2 in the atmosphere of
HAT-P-11 b. Carbon dioxide is an important indicator of the metal enrichment of the atmosphere of
exoplanets and therefore it can give important information about the formation processes of the
primary atmospheres of gas giants. Indeed several models for warm gas giant atmospheres predict
that CO2 is one of the molecules most strongly enhanced with increasing atmospheric metallicity,
becoming detectable for metallicities greater than ≈ 10 times that of the Sun (Lodders and Fegley,
2002, Moses et al., 2013). Until now, only JWST Transiting Exoplanet Community Early Release
Science Team et al. (2023) have firmly detected the presence of CO2 in the atmosphere of an exoplanet
(the warm Saturn WASP-39 b) at low spectral resolution, while at high spectral resolution Carleo
et al. (2022) tentatively detected it in the atmosphere of the warm Jupiter WASP-80 b. Therefore,
our tentative detection of CO2 represents the first hint of the presence of this molecule in the
atmosphere of a warm Neptune and, if confirmed, could point towards a super-solar metallicity for
the atmosphere of HAT-P-11 b. However, as underlined before, further studies are needed and only a
statistical comparison between different atmospheric chemical-physical models (for example through
atmospheric retrievals), could robustly determine the atmospheric chemical-physical characteristics
of this target.

For the case of HAT-P-11 b, the estimated metallicity is Z < 4.6 Z⊙ at 2σ level (Chachan
et al., 2019) with Z⊙ the solar metallicity, that is, Z < 2.3 Z⋆ referred to the host-star metallicity
Z⋆ = 2.0± 0.2Z⊙ (Bakos et al., 2010), while Welbanks et al. (2019) estimated a substellar H2O/H
metallicity. At this level of metallicity, CO2 should be scarce (see Moses et al. 2013, Fig. 5), but if
we consider the 3σ confidence level upper limit on metallicity (Z < 86 Z⊙ = 43 Z⋆) by Chachan
et al. (2019), the CO2 abundance could increase up to the point of being detectable with our kind of
analysis.

It is worth noting that the cross-correlation analysis is more sensitive to molecular lines’ position
in wavelength rather than their depths with respect to the continuum. This means that a more
significant detection for a particular chemical species does not necessarily imply that species is
more abundant with respect to the other ones because it could arise for example from a denser
forest of lines and consequently from a stronger correlation peak. In addition, our non-detections
do not necessarily imply the absence of such chemical species, for which further investigations are
needed. Finally, for what concerns the non-detections, the Kp−Vrest significance maps show spurious

Mario Basilicata 73



3.3. Atmospheric characterisation of HAT-P-11 b at high spectral resolution

signals that are not related to the planetary signal. They are typically aliases generated by the
autocorrelation function of the template that can also be seen in the maps of the detected species
far from the planetary RV.

Atmospheric chemical modelling

In order to better characterise the atmospheric properties of HAT-P-11 b, we tried to find the
chemical scenarios that are most compatible with the detection of H2O and NH3, and possibly
CH4 and CO2 (while also considering a non-detection of the other species) in the atmosphere of
HAT-P-11 b, by exploring with a grid of theoretical models the possible radiative state and elemental
compositions. To this end, we employed the Pyrat Bay (Cubillos and Blecic, 2021) modelling
framework to compute transmission spectra from an atmosphere in radiative and thermochemical
equilibrium. The code iterates over a two-stream radiative-transfer calculation until the atmosphere
converges towards a stable radiative equilibrium solution at each layer (Heng et al., 2014, Malik
et al., 2017). The end products of this approach are the temperature and composition profiles of an
atmosphere in radiative equilibrium, from which we can produce transmission-spectrum models to
determine which species have observable spectral features.

The inputs of the models are the known system parameters, a stellar spectrum (Castelli and
Kurucz, 2003), and the atmospheric elemental composition. We explored a range of plausible
scenarios by varying the elemental composition over a range of metallicities (from [M/H] = -1.0 dex
to 2.0 dex), C/O ratios (from 0.1 to 1.5), N/O ratios from (0.14 to 0.85), and over a range of heat
radiation regimes by varying the βirr = (1−Ab)/f parameter (from βirr = 0.5 to 1.0), where Ab is
the Bond albedo and f is the day-night heat redistribution efficiency.

The atmospheric model spans a pressure range from 100 to 10−9 bar, and a wavelength grid
ranging from 0.3 to 30 µm sampled at a resolving power of R = 15 000, sufficient to contain the bulk
of the stellar and planetary fluxes. The chemical network includes 45 neutral and ionic species that
are the main carriers of H, He, C, N, O, Na, Si, S, K, Ti, V, and Fe. The opacity sources include
line-list data for CO, CO2, and CH4 from HITEMP (Rothman et al. 2010, Li et al. 2015, Hargreaves
et al. 2020), and H2O, C2H2, NH3, and HCN from ExoMol (Polyansky et al. 2018, Chubb et al.
2020, Yurchenko et al. 2011, Harris et al. 2006, 2008, Coles et al. 2019). We preprocessed these
large data sets with the repack package (Cubillos, 2017) to extract the dominant line transitions.
Additionally, we included Na and K opacities (Burrows et al., 2000); H, H2, and He Rayleigh opacities
(Kurucz, 1970); H2-H2 and H2-He collision-induced absorption (Borysow et al. 1988, Borysow et al.
1989, 2001, Borysow and Frommhold 1989, Borysow 2002, Jørgensen et al. 2000), and H− free-free
and bound-free opacity (John, 1988). Once we obtained a grid of radiative-equilibrium atmospheric
models, we post-produced transmission spectra at the GIANO-B spectral resolution.

In general, our grid of HAT-P-11 b models indicates that the strong H2O absorption bands
dominate the transmission spectra at most wavelengths. The scenarios that are more consistent with
the detected species required super-solar metallicity, since this enhances the CO2/H2O abundance
ratio, which in turn makes CO2 detectable. Similarly, the lower-heat models improve the detection
of both NH3 and CH4, since both of these species are more abundant than at higher temperatures.
However, NH3 is never the dominant nitrogen bearer at these pressure and temperature conditions.
Consequently, only for the highest N/O ratios tested (N/O=0.85) the NH3 absorption lines impact
the transmission spectra (Fig. 3.18), this is well above the solar N/O ratio of 0.14 (Asplund et al.,
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2021). Alternatively, one can invoke disequilibrium-chemistry processes to enhance the abundance of
NH3 with respect to the other species (Moses, 2014). Specifically, vertical quenching can transport
NH3 from deeper layers where it is significantly more abundant (Fig. 3.18, bottom-left panel).
Combining these constraints with future observations of HAT-P-11 b (e.g. JWST GO proposals 2950
and 4150) has the potential to place stronger constraints on the planet’s atmospheric composition
and further infer which physical processes shape its atmospheric properties.

Figure 3.18: Most favourable atmospheric chemical models. Top-left panel: HAT-P-11 b atmospheric
temperature-pressure profile corresponding to the most favourable chemical-equilibrium model that shows
spectral features from all the detected species, including the tentatively detected ones (Model 1: [M/H]=2.0 dex,
C/O=0.9, N/O=0.85, βirr=0.5; solid line) and to a grid model modified including NH3 vertical quenching
at the 10 bar level (Model 2: [M/H]=1.7 dex, C/O=0.59, N/O=0.14, βirr=0.5; dashed lines). Bottom-left
panel: volume mixing ratios of the dominant chemical species (see legend) as a function of the atmospheric
pressure corresponding to Model 1 (solid lines) and to Model 2 (dashed line). Right panels: theoretical
transmission spectra of HAT-P-11 b for atmospheres in thermochemical equilibrium (top-right panel) and
with NH3 quenching (bottom-right panel). The coloured curves show the contribution to the synthetic spectra
of the four species detected by GIANO-B, including the tentatively detected ones (see legend). The black
curve shows a lower-resolution (R = 500) spectrum combining the absorption from all atmospheric species in
the model.

The right-hand panels in Fig. 3.18 also highlight the complementary potential of combining low-
and high-resolution observations for atmospheric characterisation. For a molecule to be detectable,
its absorption lines must be at least at the same level as the dominant species in the atmosphere; in
this case, they overlap with the H2O lines, as shown by the coloured curves on the right panels of
Fig. 3.18. While this can be the case for several species at high resolution, instead, at low resolution
(black curves) many of these individual line features are washed out and blend into the absorption
of the dominant species. Therefore, with sufficient S/N, high-resolution observations can pick up
molecular features that may go undetected at low resolution.
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How the possible presence of planet c could have influenced the formation and the
atmospheric composition of planet b

The study of the atmospheric chemical composition of close-in sub-Neptunes and Neptunes, such as
HAT-P-11 b, can give important constraints about giant-planet formation in the pebble-accretion
scenario. In particular, in this scenario, the formation of these kinds of planets in the inner part
of the protoplanetary disc depends on the flux of water ice-rich pebbles drifting inward from the
outer regions of the protoplanetary disc (Bitsch et al., 2022). At the water ice line, the ice on the
pebbles evaporates enriching the inner part of the disc with water vapour. Substructures and cavities
in the protoplanetary disc, for example, due to the formation of a Jupiter-size exoplanet, create
pressure bumps that might block the inward migration of pebbles (Banzatti et al., 2020). In this
way the presence of a rapidly growing external Jupiter-size companion and its position with respect
to the water ice line could influence the chemical composition of the inner protoplanetary disc and
therefore of the close-in Neptune: if the giant outer companion forms outside the water ice line it
could block the water-rich pebbles before they cross the water ice line and therefore it prevents them
from enriching the inner disc with water; if the giant outer companion forms inside the water ice
line, the inward migrating pebbles might be blocked after they cross the water ice line and their
ice evaporates enriching the inner disc with water. In the first case the close-in Neptune would
form in a “dry” environment, in the second case it would form in a “wet” environment accreting a
water-rich (up to a few per cent) atmosphere (Bitsch et al., 2022). A third scenario is also possible:
the close-in Neptune forms beyond the water ice line by the accretion of a large amount of water ice
before migrating inwards. In this case, the Neptunian planet would contain up to 50% of its total
mass in water ice (“very wet” Neptune) and the formation time and location of the giant companion
would not matter. Also carbon-bearing species can be blocked by growing giant planets, reducing
the metal enrichment of the inner disc and therefore the atmosphere of the close-in Neptune. Of
course, it is important to underline that protoplanetary discs evolve over time by cooling down,
shifting the ice lines inwards over time and therefore both the time and the position of the forming
planets inside the protoplanetary disc play an important role in this scenario (e.g. Eistrup and
Henning 2022, Eistrup et al. 2016, 2022).

In addition, a late accretion of planetesimals or planet-planet scattering could further influence
the atmospheric composition of the Neptunian planet. For example, the high eccentricity of the
orbit of HAT-P-11 b could be explained by the interaction with a possible external companion (if
any) through planet-planet scattering migration. During the migration, HAT-P-11 b might have
been enriched in heavy elements mainly through the accretion of planetesimals present in the
protoplanetary disc instead of pebbles (blocked by the external companion). In the orbital region
populated by HAT-P-11 b, planetesimals are more effective in delivering O than N to the accreting
planet (Turrini et al., 2021). As their accretion acts to lower the high N/O ratio of giant planets
formed by pebble accretion, this scenario favours the second atmospheric model we considered in
Sect. 3.3.5. As it can be seen, the presence of an external companion could have played a crucial
role in the HAT-P-11 b formation, influencing its atmospheric composition, as also highlighted by
Chatziastros et al. (2023). Of course, the investigation of the presence of an outer giant companion
and its characterisation, as well as the retrieval of the elemental abundance and the elemental ratios
(e.g. C/O, N/O) of the chemical species present in the atmosphere of HAT-P-11 b, are crucial
to probe the formation history of the planetary system and to enlarge our knowledge about the
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planetary formation process.

Planetary radial-velocity semi-amplitude shift investigation

As can be seen from the Kp − Vrest maps and from the contour plots, even though the signals of all
the molecules for which we obtain a detection (including the tentative ones) cross the expected Kp

and Vrest values, they span a large range of Kp and Vrest values, of the order of ≈ 100 km s−1 and
≈ 30 km s−1, respectively. The possible presence of winds and the planetary rotation, combined with
other complex atmospheric dynamics effects involving global circulation10, introduces distortions of
molecular line profiles during the transit event that produce shifts of the detection signal peak in
Kp and Vrest (e.g. Kesseli et al. 2022, Pelletier et al. 2023, Wardenier et al. 2021). In particular, for
the case of HAT-P-11 b, Allart et al. (2018) found evidence for a high-altitude wind flowing from
the day-side to the night-side of the planet at a velocity of vwind ≈ 3 km s−1. For what concerns the
planetary rotation speed, due to its eccentric orbit, the most probable rotation configuration for
HAT-P-11 b is the pseudo-synchronous one (Hut, 1981), in which the planet rotation is synchronous
at periastron, implying a rotation period Prot that is shorter than the orbital one by about 29% (for
an eccentricity of e = 0.2577). In the case of HAT-P-11 b, this rotation period would correspond
to an equatorial rotation velocity of veq ≈ 1 km s−1. As it can be seen, these kinds of effects have
typical velocity scales of a few km s−1, which is about one order of magnitude smaller than our
precision. This implies that we are not sensitive to them. With future more precise measurements,
it will be possible to investigate the complex atmospheric dynamics of this warm Neptune.

Even though our results do not allow us to probe the presence of atmospheric dynamics effects,
we observe (see Fig. 3.13) a systematic shift of the signal peak at Kp values smaller than the
expected one (with the exception of the signal of NH3 that is at the expected Kp). In order to
quantify this shift, we made a weighted average of the Kp values corresponding to the peak of
significance for each of the detected molecules (including the tentatively detected one), assuming
as the extremes of the 1σ uncertainty intervals the Kp values where the significance drops by 1σ

from the peak (after having marginalised over the Vrest values). The averaged value of the measured
Kp is: Kpmeas = 107± 29 km s−1, which is compatible at 0.54σ with the expected value reported in
Table 3.1.

We note that the large uncertainty in Kp, due to the relatively small change in planet RV during
transit (a few tens of km s−1), makes the systematically observed downward shift in Kp of the
order of ≈ 10 km s−1 not significant on a statistical basis. However, we decided to investigate the
possible presence of a systematic effect by studying how the uncertainties on e and ωp affect the
retrieved value of Kp and therefore the position of the peak of significance in the Kp − Vrest maps.
These two parameters are the two main sources of uncertainties in determining the planetary orbital
configuration and the atmospheric Doppler signature (Montalto et al., 2011).

We generated N = 500 000 couples of values of eccentricity and planetary argument of periastron
(e; ωp), extracted randomly from two Gaussian distributions (one for e and one for ωp) with mean
equal to the values of the two parameters that we used in this work (e = 0.2577; ωp = 192.0deg)
and standard deviation equal to the 1σ uncertainties on these values. For each (e; ωp) couple, we

10See, for example, the results of the global circulation models that Lewis et al. (2010) obtained for the eccentric
warm Neptune GJ 436 b, whose physical and orbital characteristics are similar to those of HAT-P-11 b.
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Figure 3.19: Distribution of Kp values fitted on randomly generated planetary RV curves with properties
described in the text. The vertical black solid line represents the median value of the distribution, while the
2 vertical black dashed lines represent the 2 quantile values delimiting the 68% (1σ) interval of Kp around
the median. The vertical dash-dotted blue line represents the expected Kp value: K̂p = 123.4 km s−1. The
median and the expected values are coincident and therefore they are not visibly distinguishable.

computed the planetary RV curve during the transit combining equations 1.24 and 3.6:

RV = K̃p · [cos (ν(t) + ωp) + e · cos(ωp)] ·
1√

1− e2
(3.7)

fixing the K̃p value to the expected one ( ˆ̃Kp = 119.3 km s−1). In this way, we simulate different
possible orbital configurations according to our limited knowledge of the (e; ωp) parameters. Subse-
quently, we fitted the K̃p value for each of the N RV curves keeping fixed the (e; ωp) values to the
ones we used in this work.

Following this procedure, we obtained a distribution of retrieved K̃p values that we transformed
into a distribution of Kp values (using the e value reported in Table 3.1) in order to compare them
with the Kp value obtained from the significance maps. In Fig. 3.19, we show this distribution.
With this procedure we simulated the effect of the choice of (e; ωp) used in this work on the Kp

value estimation from the peak of the CCF signal, taking into account our limited knowledge of the
orbital solution. The RV semi-amplitude value is strictly related to the slope of the planetary RV
curve. In our data analysis, the slope of the planetary RV curve is not directly fitted but, since it
influences the alignment of the CCF trails, it changes the position of the peak of significance in the
Kp − Vrest maps and therefore the value of Kp we can estimate from the maps.

The first result worth noting is that the Kp distribution is asymmetric with a long tail extending
towards Kp > 150 km s−1 values. In terms of the properties of the distribution, its median value
coincides with the expected value and by computing the 1σ interval of this distribution, the estimated
value of Kp can be obtained: Kp = 123+32

−22 km s−1. This is consistent with the expected value but,
as it can be seen, the distribution has not a peak at the expected Kp value, instead, the modal value
is: Kpmode

= 114 km s−1. This means that the most probable measured Kp value is ≈ 10 km s−1

smaller than the expected one, which is consistent with our measured Kpmeas value. From this
investigation, two important considerations can be made: 1) even if the values of eccentricity and
argument of periastron are very precise (≈ 1%), the Kp value that can be extracted from our kind of

Mario Basilicata 78



3.4. Conclusion

data analysis cannot be known at better than ≈ 25%, due to the relatively small change in planet RV
during transit; 2) this investigation suggests the presence of a systematic effect that we do not fully
understand that makes more probable to observe a shift of the signal of the order of ≈ 10 km s−1

towards Kp values lower than the expected one, at least in the case of the analysed target, related
to the uncertainties about the orbital solution adopted. This has to be taken into consideration for
future atmospheric dynamics studies, since in that case precise but also accurate measurements are
needed.

3.4 Conclusion

In this work, we revisited the HAT-P-11 planetary system. Using Kepler and HIRES at Keck archival
data, we refined the orbital and physical parameters of HAT-P-11 b. We further showed that the
long-term RV signal with a semi-amplitude of 30 m s−1 and periodicity of ∼ 9− 10 yr is more likely
due to the stellar activity cycle than to the presence of the planet HAT-P-11 c (Yee et al., 2018).
Nonetheless, the Hipparcos–Gaia difference in proper-motion anomaly suggests that an outer-bound
companion might still exist, though with S/N ≲ 5. The continuation of RV monitoring and, even
more importantly, a combined analysis of RV and future DR4 Gaia astrometric data, will help to
characterise this possible companion.

This review of the HAT-P-11 planetary system allowed us to perform a consistent analysis of the
atmosphere of planet b at high spectral resolution. Moreover, HAT-P-11 b represents a remarkable
target as it can provide a better understanding of the atmospheres of warm Neptunes, which remain
to be explored in detail.

In particular, we probed the presence of eight chemical species in the atmosphere of HAT-P-11 b
by cross-correlating template atmospheric models with data taken with the NIR GIANO-B high-
resolution spectrograph at the 3.58m TNG telescope during four planetary transits. We detect the
presence of two molecular species, H2O and NH3, with an S/N of 5.1 and 5.3, and a significance of
3.4σ and 5.0σ, respectively. The signals from these molecules have a Doppler signature compatible
with the planetary one at < 1σ. We also tentatively detect the presence of CH4, whose signal has an
S/N of 4.8 but a significance level of 2.6σ, and of CO2, with an S/N of 3.0 and a significance level
of 3.2σ. Further studies are necessary to confirm the presence of CH4 and CO2 in the atmosphere
of HAT-P-11 b. These results constitute the first simultaneous observation of multiple molecular
species in the atmosphere of a warm Neptune-type planet.

Our results are in accordance with the previous water vapour detections made by Fraine et al.
(2014), Tsiaras et al. (2018), Chachan et al. (2019), and Cubillos et al. (2022) and with the suggestion
of the presence of methane by Chachan et al. (2019) and Cubillos et al. (2022). We hereby enlarge
the number of chemical species known to be present in the atmosphere of this exoplanet, which
allows us to start exploring plausible physical conditions for the atmosphere of HAT-P-11 b. Our
models suggest two scenarios that are more in accordance with the observations: the first model
describes an atmosphere in chemical equilibrium with supersolar metallicity and enhanced C/O and
N/O ratios relative to solar values; the second model describes an atmosphere with disequilibrium
chemistry (i.e. NH3 vertical quenching), lower metallicity, and C/O and N/O ratios close to solar
values.

We note that the significance peak of the detected species (including the tentatively detected
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ones) is shifted by ≈ 10 km s−1 towards Kp values smaller than the expected one (K̂p = 123.4 km s−1).
Indeed the average value of the planetary RV semi-amplitude estimated from our significance maps
is Kpmeas = 107± 29 km s−1, which is compatible at 0.54 σ with the expected one due to the large
uncertainty. We show how a small error (≈ 1%) on the eccentricity and argument of periastron
parameters translates into a large uncertainty (≈ 25%) on the retrieved Kp parameter due to the
small change in RV during the transit, and can introduce the observed systematic Kp shift.

The next step in our analysis will be to statistically retrieve the chemical physical properties
of the atmosphere of HAT-P-11 b (e.g. the elemental abundances and the temperature-pressure
profile) in order to better characterise its atmosphere and to constrain its formation path. Finally, a
future combination of high- and low-resolution observations will improve the characterisation of the
atmosphere of this target and our knowledge about warm Neptunes.

Role of the Ph.D. candidate in the work

As the leading author of this work, published in A&A as Basilicata et al. (2024a), I have coordinated
the whole work. In particular, I performed the entire atmospheric analysis, reducing the GIANO-B
raw data and extracting the planetary signal with the cross-correlation analysis. I also performed
the different statistical tests to assess the robustness of the detections. I performed the atmospheric
analysis by using the pipeline developed by Dr. Paolo Giacobbe, who supervised this work and,
together with Prof. Matteo Brogi, gave important advices about the data analysis approach. For
what concerns the atmospheric chemical modelling, it was performed by Dr. Patricio E. Cubillos.
The analysis of Kepler light curves was conducted by Dr. Gaetano Scandariato and Dr. Vikash
Singh, while the RV analysis was conducted by Dr. Aldo S. Bonomo. Finally, Dr. Alessandro
Sozzetti performed the PMA sensitivity analysis.
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Chapter 4

Detection of water and preliminary
characterisation of the atmospheres of the
two hot Jupiters KELT-8 b and
KELT-23Ab

In this chapter, I describe the work reported in a paper submitted to the Astronomy & Astrophysics
journal as Basilicata et al. (2024b) (article reference: AA52733-24). In this work, we measure
the atmospheric signal of the two hot Jupiters KELT-8 b and KELT-23Ab, and present the first
investigation of the chemical-physical properties of their atmospheres.

Hot Jupiters are among the most suitable targets for atmospheric studies. Expanding the number of
hot gaseous giant planets with atmospheric characterisation can improve our understanding of the
chemical-physical properties of their atmospheres as well as the formation and evolution of these
extreme planets. In this work, we use high-resolution spectroscopy in the near-infrared (NIR) to
search for chemical signatures in the atmosphere of the two hot Jupiters KELT-8 b and KELT-23 Ab,
and perform a first characterisation of their atmospheric properties. For each target, we analysed
their transmission spectra with GIANO-B at the TNG. We searched for atmospheric signals by
cross-correlating the data with synthetic transmission spectra. In order to characterise the chemical-
physical properties of the atmosphere of both planets, we ran two different atmospheric retrievals for
each dataset: a retrieval assuming chemical equilibrium and a “free-chemistry” retrieval, in which
the abundance of each molecule could vary freely. We detect for the first time the atmospheric
signal of the two planets. In particular, we detect water vapour (H2O) in both the atmospheres of
KELT-8 b and KELT-23 Ab with an S/N = 6.6 and S/N = 4.2, respectively. The two retrievals
indicate a water-rich atmosphere for both targets. In the case of KELT-8 b, we determine a water
volume mixing ratio of log10(VMRH2O) = −2.07+0.53

−0.72, a metallicity [M/H] = 0.77+0.61
−0.89 dex, and a

sub-solar C/O ratio (C/O ≤ 0.30, at 2σ). For KELT-23 Ab, we find log10(VMRH2O) = −2.26+0.75
−1.24,

a metallicity [M/H] = −0.42+1.56
−1.35 dex, and a C/O ratio ≤ 0.78 (at 2σ). Finally, by comparing the

atmospheric chemical characteristics of the targets with those of the host stars, we suggest that, for
both planets, the accretion of gaseous material occurred within the H2O snowline in a pebble-rich
disk enriched in oxygen due to sublimation of water ice from the inward-drifting pebbles.
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4.1 Introduction

The study of exoplanetary atmospheres plays a crucial role in the exoplanets’ characterisation process.
For example, the study of relative abundances of atmospheric species can help to constrain the
formation and evolution paths experienced by an exoplanet (e.g. Öberg et al. 2011, Madhusudhan
et al. 2014, Mordasini et al. 2016, Madhusudhan 2019, Banzatti et al. 2020, Bitsch et al. 2022, Pacetti
et al. 2022). Moreover, by studying the chemical properties of exo-atmospheres, we can place
stronger constraints on the internal composition of planets, breaking possible degeneracies from
the measurement of the bulk density alone (e.g. Madhusudhan et al. 2020). The exo-atmosphere
investigation also offers the opportunity to study environments without analogues in the Solar
System. This is the case, for example, of hot Jupiters, which are Jupiter-size planets with orbital
periods Porb < 10days and equilibrium temperatures Teq ≳ 1 000K. Inflated hot Jupiters are ideal
targets for atmospheric studies, in particular in transmission, because of their large radii and thus
atmospheric scale heights, which produce relatively high atmospheric transmission-signal amplitudes
∆:

∆ = 2 · Rp ·Hs

R2
⋆

, (4.1)

where Rp is the planetary radius, Hs is atmospheric scale height, and R⋆ is the stellar radius. As
a reference, for HD209458 b, a typical hot-Jupiter, ∆ ∼ 160ppm (assuming an atmospheric mean
molecular weight of µ = 2.3 g mol−1, representative of H/He-dominated atmospheres; Lecavelier Des
Etangs et al. 2008).

High-resolution spectroscopy (HRS) from ground-based facilities (see, e.g. Birkby 2018 for a
review), proved to be a valid technique to probe atmospheric features of warm- and hot-giant planets,
because a large spectral resolving power (R ≳ 25 000) allows to identify the characteristic spectral
features of the different chemical components of an exo-atmosphere and to detect their Doppler shift
due, for instance, to atmospheric dynamical effects.

Hot (and ultra-hot) Jupiters are the most studied targets with high-resolution spectroscopy. In the
last years, the sample of hot-giant planets, whose atmospheres have been investigated, has increased
and we are entering an era of comparative atmospheric studies of exoplanets (e.g. Gandhi et al. 2023).
In this frame, increasing the statistical sample of hot Jupiters with atmospheric characterisation is
important for improving our understanding of the main physical and chemical mechanisms driving
their atmospheres and their formation (e.g. Dawson and Johnson 2018, Madhusudhan 2019).

In this work, we searched for the atmospheric signature of the two hot-Jupiter planets KELT-
8 b (Fulton et al., 2015) and KELT-23 Ab (Johns et al., 2019), which both orbit Sun-like stars. Both
targets were discovered using data from the Kilodegree Extremely Little Telescope survey (KELT,
Pepper et al. 2007) and confirmed with photometric and spectroscopic follow-up observations. As
the name suggests, KELT-23Ab orbits around a star that is a member of a wide binary system,
composed of KELT-23 A (aka BD+66 911 A; aka 2MASS J15283520+6621314) and KELT-23 B (aka
BD+66 911B; aka 2MASSJ15283577+6621288), with a minimum mutual distance between the
components of 570 au (Johns et al., 2019). In Table 4.11 we report a summary of the physical and

1The symbols of the parameters listed in the table have the following meanings: BT, VT - apparent magnitudes
in the Tycho photometric bands; J , H, K - apparent magnitudes in the 2MASS photometric bands; W1, W2, W3,
W4 - apparent magnitudes in the WISE photometric bands; M⋆ - stellar mass; R⋆ - stellar radius; Teff - stellar
effective temperature; [Fe/H] - stellar iron abundance; log10(g) - logarithm of surface stellar gravity; Vsys - systemic
radial velocity; Mp - planetary mass; Rp - planetary radius; ρp - planetary mean density; Teq - planetary equilibrium
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orbital parameters of the two planetary systems.
Both the targets are inflated versions of Jupiter; indeed, their low density (less than half Jupiter’s)

reflects the fact that they have a radius larger than Jupiter (∼ 1.6RJ and ∼ 1.3RJ, for KELT-8 b
and KELT-23 Ab, respectively) and a slightly smaller mass (∼ 0.83MJ and ∼ 0.94MJ, for KELT-8 b
and KELT-23Ab, respectively). The two hot atmospheres have a large atmospheric scale height
(Hs = 708 km for KELT-8 b and Hs = 406 km for KELT-23Ab, assuming µ = 2.3 gmol−1), which
makes the two hot Jupiters ideal targets for atmospheric investigation. Even if KELT-23Ab has
an Hs that is smaller than that of KELT-8 b, the host-star has a smaller radius too, resulting in a
similar atmospheric transmission signal amplitude (∆ = 167ppm for KELT-8 b and ∆ = 156ppm
for KELT-23Ab). Although these targets are promising candidates for atmospheric investigations,
there are no atmospheric studies in the literature for any of them.

The aim of this work is to search for the atmospheric signal of KELT-8 b and KELT-23Ab in
transmission and perform a first investigation of the chemical-physical properties of their atmospheres
under simple assumptions. In Sect. 4.2 we describe the observations, the data reduction process,
and the analyses we performed for the atmospheric characterisation of the targets. In Sect. 4.3, we
report the results of our atmospheric studies, while in Sect. 4.4, we discuss the results. Finally, in
Sect. 4.5, we report our conclusions and future perspectives.

4.2 Methods

4.2.1 Observations and data reduction

We simultaneously collected the data with both GIANO-B (wavelength range: 950 − 2 450nm,
R ≈ 50 000) and HARPS-N (wavelength range: 383 − 693nm, R ≈ 115 000) high-resolution
spectrographs, in the GIARPS configuration (Claudi et al., 2017), at the Telescopio Nazionale
Galileo (TNG), as part of the Global Architecture of Planetary Systems (GAPS) Project2. We
used the HARPS-N spectra extracted with the DRSv3.7 online pipeline to redetermine the stellar
atmospheric and physical parameters of KELT-8 (Sect. 4.2.3). For the characterisation of the
atmospheres of KELT-8 b and KELT-23 Ab, we only used the near-infrared (NIR) GIANO-B data,
as we were primarily concerned with estimating the volatile content of the atmospheres via molecular
signatures.

The observations were taken with the nodding ABAB acquisition mode in which the target and
sky spectra were taken in pairs while alternating between two nodding positions along the slit (A
and B) separated by 5′′, allowing an optimal subtraction of the detector noise and background.

For KELT-8 b, two transit observations were available (i.e. 23 June 2020 and 19 July 2020).
However, during the second transit, the weather conditions were not optimal due to the presence
of calima (i.e. a meteorological phenomenon that occurs when fine sand and dust particles from
the Sahara desert are lifted into the atmosphere and transported by winds), which lowered the

temperature; Porb - orbital period; T0 - transit epoch; T14 - transit duration; i - orbital inclination; e - orbital
eccentricity; a - orbital semi-major axis; Kp - planetary radial-velocity semi-amplitude. The left reference numbers
are for the parameters of the KELT-8 system, and the right ones for those of the KELT-23 A system. The references
of the values in the table are: 1. Fulton et al. (2015); 2. Johns et al. (2019); 3. Høg et al. (2000); 4. Cutri et al. (2003);
5. Cutri et al. (2013); 6. This work and Baratella et al. (in prep.); 7.Gaia Collaboration et al. (2023); 8. Kokori et al.
(2023); 9. Bonomo et al. (2017).

2https://theglobalarchitectureofplanetarysystems.wordpress.com/
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Table 4.1: Main physical and orbital parameters of the KELT-8 and KELT-23 A systems.

Parameter KELT-8 KELT-23 A References

Stellar Parameters
Spectral Class . . . . . . . . . . G2 V G2 V 1, 2
BT . . . . . . . . . . . . . . . . . . . . . 11.713± 0.057 11.029± 0.049 3, 3
VT . . . . . . . . . . . . . . . . . . . . . . 10.925± 0.048 10.376± 0.039 3, 3
J . . . . . . . . . . . . . . . . . . . . . . . 9.586± 0.026 9.208± 0.032 4, 4
H . . . . . . . . . . . . . . . . . . . . . . 9.269± 0.032 ≥ 8.951 4, 4
K . . . . . . . . . . . . . . . . . . . . . . 9.177± 0.021 ≥ 8.904 4, 4
W1 . . . . . . . . . . . . . . . . . . . . . 8.981± 0.021 8.754± 0.022 5, 5
W2 . . . . . . . . . . . . . . . . . . . . . 8.983± 0.019 8.789± 0.020 5, 5
W3 . . . . . . . . . . . . . . . . . . . . . 8.928± 0.028 8.766± 0.022 5, 5
W4 . . . . . . . . . . . . . . . . . . . . . 8.533± 0.339 8.564± 0.202 5, 5
M⋆ [M⊙] . . . . . . . . . . . . . . . . 1.131+0.084

−0.079 0.944+0.060
−0.054 6, 2

R⋆ [R⊙] . . . . . . . . . . . . . . . . . 1.391± 0.025 0.996± 0.015 6, 2
Teff [K] . . . . . . . . . . . . . . . . . 5 742± 44 5 899± 49 6, 2
[Fe/H] [dex] . . . . . . . . . . . . . 0.26± 0.10 −0.105+0.078

−0.077 6, 2
log10(g) [log10, cgs] . . . . . . 4.19± 0.08 4.417+0.026

−0.025 6, 2
Vsys [km s−1] . . . . . . . . . . . . −34.51± 0.20 −14.99± 0.30 7, 7
Parallax [mas] . . . . . . . . . . 5.074± 0.011 7.871± 0.013 7, 7
Distance [pc] . . . . . . . . . . . . 197.10+0.42

−0.44 127.04± 0.21 7, 7
Age [Gyr] . . . . . . . . . . . . . . . 6.4+2.9

−2.0 6.3+3.5
−3.2 6, 2

Planetary Parameters
Mp [MJ] . . . . . . . . . . . . . . . . 0.83± 0.12 0.938+0.048

−0.044 6, 2
Rp [RJ] . . . . . . . . . . . . . . . . . 1.586± 0.046 1.323± 0.025 6, 2
Mp [M⊕] . . . . . . . . . . . . . . . . 264± 38 298+15

−14 6, 2
Rp [R⊕] . . . . . . . . . . . . . . . . . 17.40± 0.50 14.83± 0.28 6, 2
ρp [g cm−3] . . . . . . . . . . . . . 0.276± 0.047 0.503+0.039

−0.036 6, 2
Teq [K]. . . . . . . . . . . . . . . . . . 1 675+61

−55 1 561± 20 1, 2
Porb [days] . . . . . . . . . . . . . . 3.24408156± 0.0000010 2.25528745± 0.00000018 8, 8
T0 [BJDTDB] . . . . . . . . . . . 2 457 986.46737± 0.00026 2 458 918.461247± 0.000021 8, 8
T14 [hr] . . . . . . . . . . . . . . . . 3.466+0.082

−0.079 2.381± 0.022 1, 2
i [deg] . . . . . . . . . . . . . . . . . . 82.65+0.81

−1.00 85.37+0.31
−0.30 1, 2

e . . . . . . . . . . . . . . . . . . . . . . . ≤ 0.047 ≤ 0.05 9, 2
a [au] . . . . . . . . . . . . . . . . . . . 0.0382± 0.0025 0.03302+0.00068

−0.00064 6, 2
Kp [km s−1] . . . . . . . . . . . . . 149± 25 159± 11 6, 2
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signal-to-noise ratio (S/N). Moreover, GIANO-B showed greater instability than during the first
night. For these reasons, we chose to include only the first data set in this analysis. On 23 June
2020, 70 spectra were recorded (with an exposure time texp = 200 s) and the target was observed at
a mean airmass of 1.03.

For KELT-23Ab, only one complete transit observation was available (i.e. 15 April 2023). A
second transit was observed on 24 April 2023, but it was only partial due to an instrumental problem.
Therefore, we did not include it in our analysis. On 15 April 2023, 60 spectra (with texp = 200 s)
were recorded, and the target was observed at a mean airmass of 1.27. See Table 4.2 for a schematic
log of the observations used for our analysis.

The raw spectra were dark-subtracted, extracted, and calibrated in wavelength, using the GOFIO
pipeline Python-3 version (Rainer et al., 2018). The wavelength calibration performed by GOFIO
is based on observing the spectrum of a U-Ne lamp as a template. Since the lamp is only observed
at the end of the night to avoid persistence on the camera, the GOFIO wavelength solution is not
sufficiently accurate and is expected to shift and jitter during the observations due to the mechanical
instability of the instrument. In order to correct the spectral drift of the instrument, we aligned all
the spectra of a single night to a common reference frame via cross-correlation with a time-averaged
observed spectrum of the target used as a template. Thanks to this correction, we achieved a
residual shift of the spectra well below 0.3 km s−1 (approximately 1/10th of a pixel) for most of the
spectral orders. Finally, we refined the wavelength calibration by matching a set of telluric lines
in the time-averaged observed spectrum with a high-resolution atmospheric transmission model
of the Earth generated via the ESO Sky Model Calculator (Noll et al., 2012) and solving for the
pixel-wavelength relation with a fourth-order polynomial fit.

The GIANO-B spectral range covers the Y, J,H,K bands in 50 spectral orders (order 0 is the
reddest and order 49 is the bluest). For our analysis, we excluded a fixed set of spectral orders
dominated by tellurics (8-11, 23-26, 34-37) and the Y band (orders 38-49) in which GIANO-B has
a characteristic drop of throughput. Finally, in each observing night, we excluded a few orders
with high residual drift, or for which the refined wavelength calibration procedure failed (i.e. orders
number 3, 4, 30 for KELT-8 b spectra and 4, 13, 15, 18, 30-32 for KELT-23 Ab spectra). In this way,
we used a spectral range that is as more uniform as possible among the nights and in which the
small differences are mainly due to the stability of the pixel-wavelength solution, which for a few
orders depends on the S/N of the observations.

Table 4.2: Log of the GIANO-B observations of KELT-8 b and KELT-23Ab.a

Target Night Airmass Nobs texp [s] (S/N)avg (S/N)min to (S/N)max

KELT-8 b 23 June 2020 1.12 → 1.00 → 1.06 70 200 30 4− 51
KELT-23 Ab 15 April 2023 1.31 → 1.26 → 1.27 60 200 22 5− 36

Notes. (a)From left to right we report: the date at the start of the observing night; the airmass during the planetary
transit; the number of observed spectra Nobs; the exposure time per spectrum texp; the signal-to-noise ratio averaged
across the whole spectral range (S/N)avg; the range of signal-to-noise ratios (S/N)min to (S/N)max in the individual
spectral orders.

4.2.2 Telluric and stellar spectra removal procedure

In order to remove telluric and stellar contamination we employed a principal component analysis
(PCA), which is often used in HRS analyses (e.g. de Kok et al. 2013) and successfully applied to
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GIANO-B data in previous works (e.g. Basilicata et al. 2024a, Carleo et al. 2022, Giacobbe et al.
2021).

Figure 4.1: Variation of the standard deviation (σ) of the residuals as a function of the number of principal
components removed via PCA for the KELT-8 b (left panels) and the KELT-23Ab (right panels) dataset.
Top panels: relative variation ∆σ of the standard deviation of the residuals (expressed in percentage value
and reported in logarithmic scale for a better visualisation) in the different spectral orders (coloured solid
and dashed lines). Bottom panels: relative variation of ∆σ (δ) in the different spectral orders (coloured solid
and dashed lines). The solid black horizontal line represents the −0.1 threshold on δ used to identify the
minimum number of principal components to select in order to remove the telluric and stellar contamination.

The PCA was applied to each spectral order, considered as an M × N data matrix (with
M = 60− 70 spectra and N = 2048 pixels). We performed the telluric removal procedure following
the method described in Sect. 3.3.2, with the exception that we adopted a different criterion to
select the appropriate number of principal component to remove. Since in the literature, there is no
agreement on how to choose the appropriate number of principal components to employ in the telluric
removal procedure, we explored a different method with respect to the one used for the analysis
of HAT-P-11 b, with the aim to apply a telluric correction as more uniform as possible among the
different orders. In order to choose the appropriate number of principal components to remove, we
followed the method suggested by Spring & Birkby (private communication). In particular, for each
spectral order, we computed the relative variation of the standard deviation (σ) of the residuals by
gradually increasing the number of components removed from the data: ∆σ = σi−1−σi

σi−1
, with i = the

i-th number of principal components removed. As can be seen from Fig. 4.1, the ∆σ of the residuals
gradually decreases when the number of principal components removed increases, down to a plateau,
as expected. In order to find the minimum number of components at which the standard deviation
of the residuals does not change in a significative way (i.e. the plateau is reached), we studied the
relative variation of ∆σ (indicated with the symbol δ) to see where this variation approaches zero.
We placed a threshold at −0.1 and selected the minimum number of principal components for which
−0.1 < δ < 0 for all the spectral orders (see Fig. 4.1). Following this procedure, the number of
principal components we decided to remove for the two datasets is: 10 for the 23 June 2020 dataset
and 9 for the 15 April 2023 dataset.
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Figure 4.2: Example of CCF values as a function of the orbital phase computed by cross-correlating the
model containing only H2O with the data of 23 June 2020 (left panel) and 15 April 2023 (right panel). The
horizontal dashed lines represent the transit ingress and egress while the dash-dotted line represents the
expected CCF peak trail due to the planetary motion, as measured in the observer rest frame. The expected
CCF peak trail in transit is not represented for clarity. As it is visible, no telluric residuals are visible by
eye at RV = 0 km s−1 in both datasets. The white horizontal band in the left panel corresponds to a lack of
out-of-transit spectra.

Once we applied the telluric correction, we visually inspected the map of cross-correlation function
(CCF) values as a function of the orbital phase obtained with the model of water that we used
for the CCF analysis (see Sect. 4.2.4), as a further check. As it is visible by the maps in Fig. 4.2,
there are no visible telluric residuals at a radial-velocity RV = 0 km s−1. It is worth noting that due
to the combined effect of Earth’s velocity around the barycenter of the Solar System (barycentric
velocity) and velocity of the centre of mass of the star-planet systems with respect to the Earth
(systemic velocity), the planetary signals are shifted from the telluric rest-frame in terms of RV (at
∼ −36 km s−1 for KELT-8 b and ∼ −11 km s−1 for KELT-23Ab, at the mid-transit point), during
most of the transit and thus are less affected by the telluric contamination.

4.2.3 Update of the KELT-8 system parameters

Since the search for and interpretation of atmospheric signals (Sect. 4.2.4 and Sect. 4.2.5) depends on
the system (stellar and planetary) parameters, we first compared the parameters of both host stars
KELT-8 and KELT-23 A given in the discovery papers (Fulton et al., 2015, Johns et al., 2019) with
those reported by Gaia DR3 (Gaia Collaboration et al., 2023). After noticing a discrepancy between
the KELT-8 mass and radius in Fulton et al. (2015) (M⋆ = 1.211+0.078

−0.066 M⊙ and R⋆ = 1.67+0.14
−0.12 R⊙)

and those provided by Gaia (M⋆ = 0.93 ± 0.04 M⊙ and R⋆ = 1.37 ± 0.03 R⊙), we decided to
recompute them.

We first redetermined the stellar atmospheric parameters (effective temperature Teff , surface
gravity log g, and iron abundance [Fe/H]) of KELT-8 through the same procedure as other works
of the GAPS Program (see Biazzo et al. 2022 and references therein). Specifically, we considered
the co-added spectrum of the target built from the collected individual HARPS-N spectra and used
the qoyllur-quipu (q23) tool developed by Ramírez et al. (2014). This code allows the iterative use
of the 2019 MOOG version (Sneden et al., 2012) to derive the stellar parameters and to measure
the elemental abundances through the standard equivalent width (EW) method (i.e., Teff and log g

obtained by imposing the excitation/ionisation equilibria of FeI and FeII lines). The EWs of the
iron transitions taken from the line list published in Biazzo et al. (2022) were measured using the

3https://github.com/astroChasqui/q2
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software ARES v2 (Sousa et al., 2015), which automatically fits a Gaussian profile to the observed
line profile. However, lines stronger than ∼120 mÅ were manually checked with the task splot of
IRAF4 since these are better reproduced with a Voigt profile. We then excluded from the analysis
those lines with uncertainties larger than 10%. Regarding the model atmospheres, we used the
plane-parallel models linearly interpolated from the ATLAS9 grids of Castelli and Kurucz (2003),
computed with solar-scale chemical composition and new opacities (ODFNEW). The final stellar
atmospheric parameters (Teff , log g, and [Fe/H]5) are reported in Table 4.1.

We determined the mass, radius, and age of the host star by modelling the stellar Spectral Energy
Distribution (sampled with the magnitudes given in Table 4.1) and using the MESA Isochrones and
Stellar Tracks (Paxton et al., 2015). Specifically, we computed their best values and 1σ uncertainties
from the medians and 68.3% confidence intervals of the posterior distributions as obtained with
the EXOFASTv2 tool in a Bayesian differential evolution Markov chain Monte Carlo (DE-MCMC)
framework (Eastman, 2017, Eastman et al., 2019). For this purpose, we adopted Gaussian priors
on the spectroscopically determined Teff and [Fe/H] as well as on the Gaia DR3 parallax (Gaia
Collaboration et al., 2023). The derived stellar radius is compatible with that provided by Gaia
within 1σ, while the stellar mass is more in agreement with that found by Fulton et al. (2015).
We then redetermined the parameters of the hot Jupiter KELT-8 b by using the updated stellar
parameters and the transit and radial velocity parameters given in Fulton et al. (2015) (see Table 4.1).

4.2.4 Search for atmospheric signals through cross-correlation analysis

In order to probe the presence of an atmosphere around the two hot Jupiters, we first searched
for the presence of water vapour (H2O), the most common primary molecular species in hot-giant
planets’ atmosphere in a large range of atmospheric temperatures (Madhusudhan, 2012). We built
a model for each planet using the petitRADTRANS code (Mollière et al., 2019), assuming an
isothermal atmosphere at the equilibrium temperature reported in Table 4.1, computed between 10

and 10−8 bar in pressure. The model assumes constant-with-altitude abundance (volume mixing
ratio, VMR) profiles for molecular hydrogen (VMRH2 = 0.855), helium (VMRHe = 0.145) and water
(VMRH2O = 10−3). Although single-species models do not match any specific chemical scenarios,
this was the simplest framework we could adopt to probe the presence of H2O and, thus, of trace
species in addition to H2 and He. After having detected the atmospheric H2O signal, we also tried to
search for the signal of other secondary chemical species, including CO, CH4, HCN, C2H2, CO2, and
NH3, building single-species models following the method described before. We note that while H2O
is expected to provide most of the opacity and therefore searching for water alone should still result
in a single-species model with meaningful continuum, a single-species model with minor species alone
will not have the right continuum, and thus they are uninformative to infer the bulk composition of
the planet. They can only be used in this context to search for the presence of a species.

To search for the atmospheric signature, for each planet, we computed the CCF between the
models and the data. The CCF was evaluated by shifting the model in wavelength on a fixed grid of

4IRAF is distributed by the National Optical Astronomy Observatories, which are operated by the Association of
Universities for Research in Astronomy, Inc., under the cooperative agreement with the National Science Foundation.
NOAO stopped supporting IRAF, see https://iraf-community.github.io.

5[Fe/H]=logA(Fe)⋆-logA(Fe)⊙, where logA(Fe)⊙ is the solar value taken from Table 2 in Biazzo et al. (2022).
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RV lags:

∆RV = c · ∆λ
λ
, (4.2)

where c is the speed of light and λ is the wavelength of any spectral line. We explored a range of
RV lags from −270 km s−1 to +270 km s−1, in steps of 0.1 km s−1. The numeric computation was
performed using the C_CORRELATE Pxy(L) IDL function6, with null lag (L = 0), since the RV
lags were applied to the wavelength array associated with the model. For each lag, the model was
interpolated (via spline interpolation) on the same wavelength array of data before computing the
CCF. The CCFs calculated for each spectral order were co-added to obtain a single CCF for each
exposure of each night.

High-resolution measurements of exoplanet atmospheres are sensitive to the Doppler motion of
the atmospheric spectral lines. In absence of atmospheric dynamical effects, this time-dependent
Doppler shift is made up of three RV components, according to Eq. (1.23). Since the orbital
eccentricity of the two planets is negligible (i.e. compatible with 0 at < 3σ, Bonomo et al. 2017,
Fulton et al. 2015, Johns et al. 2019), we assumed a circular orbit for both targets. Therefore, the
planetary radial velocity term Vp(t) reduces to Eq. (1.25).

By subtracting different orbital solutions from the CCF trail (in our analysis we explored different
values of the planetary radial-velocity semi-amplitude Kp, defined in Eq. 1.26), a different alignment
of the CCF peaks as a function of the orbital phase is obtained. Summing in phase all the CCF
values for each trial Kp, we built the Kp − Vrest maps, to search for a detection of the atmospheric
signal. From Table 4.1, the predicted values of Kp are Kp = 149 ± 25 km s−1 for KELT-8 b and
Kp = 159± 11 km s−1 for KELT-23 Ab. In this work, we explored a range of Kp that spans from 0

to 270 km s−1 in steps of 1.0 km s−1.
We took advantage of the high sampling of the CCF (larger than the GIANO-B pixel scale of

∼ 3 km s−1) for a precise shift of the CCF trails into the planetary rest frame. However, in order to
avoid the use of correlated data points in our analysis, we binned the CCF values in RV using a bin
width of 3.1 km s−1. We took the median of the CCF values in each RV bin as the value of the CCF
associated with each bin, before co-adding the CCF values in phase for each trial Kp. The bin width
is slightly wider than the one used in Sect. 3.3.3 because different independent measurements of
the GIANO-B spectral resolving power seemed to point towards a pixel scale with small differences
across the large spectral range and, in particular, slightly larger than 2.7 km s−1. For this reason, we
conservatively chose to use a slightly larger bin width, which could be more representative of the
true spectral resolving power of GIANO-B. It is worth noting that such a small difference in the
bin width (i.e. 0.4 km s−1) does not affect in a significative way the results of our analysis (i.e. the
differences in the significance of the detections are ∼ 0.1σ).

4.2.5 Temperature and abundance retrieval analysis

The CCF analysis provides us with a catalogue of the molecular species present in the atmosphere.
However, it cannot determine the abundance of the species found nor the physical characteristics,
such as temperature, of the atmospheric layers that most contribute to the observed transmission
spectrum. To investigate the chemical and physical properties of the atmosphere of KELT-8 b and
KELT-23 Ab, we need an atmospheric retrieval in a Bayesian framework.

6https://www.nv5geospatialsoftware.com/docs/C_CORRELATE.html
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As common in the literature (e.g. Boucher et al. 2023, Kasper et al. 2021, 2022, Line et al. 2021),
our framework is based on the cross-correlation-to-log-likelihood remapping (Brogi and Line, 2019b,
Gibson et al., 2020). In particular, we employed the likelihood equation described in Section 3.3
of Gibson et al. (2020), but we decided not to fit the two parameters α (the scaling factor of the
model) and β (a scaling term for the white noise). We did not fit α because the scale height of the
atmosphere is included in our parametrisation of the atmospheric model; therefore, there are no
physical reasons to rescale the model. We did not fit β because we directly estimated the error of
each spectral channel from the data by computing the standard deviation of the time sequence of
each spectral channel. In this way, the error already includes the possible presence of uncorrelated
(e.g. astrophysical) jitter. Both our approach and the one by Gibson et al. (2020) rely on the same
assumption, namely the absence of correlated noise in the residual spectra.

To model the exoplanet atmospheres we assumed a one-dimensional (1D) isothermal atmosphere
(with temperature T0) in hydrostatic equilibrium. The planetary radius corresponding to the
atmospheric pressure of 0.1 bar was set equal to the value shown in Table 4.1 and not retrieved.
This is a common approximation for high-resolution retrievals (e.g. Boucher et al. 2023) that can be
avoided when low-resolution measurements are available. We also considered a grey cloud layer by
parameterising the pressure (Pc) above which the atmosphere becomes completely opaque.

We modelled the chemical composition following two distinct approaches: an equilibrium chemistry
approach and a “free-chemistry” approach. In the first one, chemical equilibrium is assumed and
the VMR of each element is derived by the chemical network Chemcat7 (Cubillos et al. in prep.)
and varies accordingly with two parameters: the metallicity ([M/H]) referred to the solar value and
the carbon-to-oxygen (C/O) ratio. For each trial [M/H], the C/O ratio is varied by changing only
the carbon abundance, which is scaled relatively to the oxygen abundance. In the “free-chemistry”
approach, the VMR of each molecule corresponds to one parameter and can vary freely.

We stress that while in “free-chemistry” the VMR profiles are assumed constant-with-altitude, in
chemical equilibrium they depend on the temperature and pressure profile and even an isothermal
profile can lead to non-constant VMRs, as shown in Fig. 4.3.

Figure 4.3: VMRs of different chemical species as a function of atmospheric pressure. The VMRs are
computed assuming an isothermal atmosphere in chemical equilibrium with the best-fit parameters retrieved
for KELT-8 b and reported in Sect. 4.3.2.

7https://chemcat.readthedocs.io/en/main/chemistry_tutorial.html
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As common practice, although only H2O is detected in cross-correlation for both planets, for our
“free-chemistry” retrieval, we considered also the presence of other molecular species, in particular
CO, CH4, CO2, C2H2, HCN and NH3, since these are common molecular species in the atmospheres
of hot Jupiters (e.g. Madhusudhan 2012) and, even in the case of non-detections in CCF, we can put
upper limits on their abundances with our retrieval. In “free-chemistry”, the VMR of H2 and He
is derived assuming a constant H2/He equal to 5.897 (Asplund et al., 2009). This means that an
atmosphere of only hydrogen and helium will contain 85% H2 and 15% He. The mean molecular
weight is computed accordingly.

For the radiative transfer computation, we employed the petitRADTRANS code on a pressure
grid of 50 layers equidistant in log-space (1 ≤ log10[P (bar)] ≤ −8). The cross-sections employed in
this work are summarised in Table 4.3. We also included the collision-induced absorption (CIA)
cross-sections for the H2-H2 and H2-He pairs.

Table 4.3: Cross section employed by petitRADTRANS.

Molecule Cross section Reference
H2O POKAZATEL Polyansky et al. (2018)
CH4 HITEMP Hargreaves et al. (2020)
NH3 CoYuTe Coles et al. (2019)
HCN ExoMol Barber et al. (2013)
C2H2 aCeTY Chubb et al. (2020)
CO2 Ames Huang et al. (2017)
CO HITEMP Rothman et al. (2010)

The transmission spectrum thus obtained had then to be convolved with the instrumental profile
of GIANO-B (assumed as a Gaussian with an FWHM of 3.1 km s−1) and shifted accordingly to Eq.
(1.23).

When using the likelihood approach, it is essential to replicate the effects of telluric removal
analysis on each model generated by the parameter sampling algorithm. This helps to prevent or
mitigate potential biases caused by signal distortion induced by the filtering procedures. In the field,
this analysis step is called “model reprocessing”. Apart from the name, there is no agreement in the
literature on the optimal approach to model reprocessing. In this work, we followed the same recipe
described in Giacobbe et al. (2021) where the fitted telluric spectrum, stored after processing the
observations, is multiplied by each transmission model generated by the sampler and passed through
the same procedures as described above, including the PCA.

The framework described above is implemented within a custom parallelised version of the
DE-MCMC (Bonomo et al., 2015, Eastman et al., 2013, Ter Braak, 2006). We employed a number of
walkers nw = nf · 2, with nf being the number of free parameters. The number of burn-in iterations
discarded is variable and is computed as the minimum number of iterations for which all the chains
have a likelihood value greater than the median value. The maximum number of steps is fixed to
100 000 but the DE-MCMC is interrupted when the distributions of all the parameters converge
according to the Gelman-Rubin statistics (Gelman and Rubin, 1992), following the prescription
of Ford (2006). The retrieved parameters and their uniform priors are summarised in Table 4.4 and
Table 4.5.
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4.3 Results

4.3.1 Detection of atmospheric signals

We built the S/N Kp − Vrest maps by converting the CCF values into detection S/N. To do so, we
divided the CCF values by the standard deviation of the noise far (|Vrest| ≥ 25 km s−1) from the
peak.

Figure 4.4: (S/N) Kp − Vrest maps. These maps are built by cross-correlating a single-species model of
H2O with data of KELT-8 b (left panel) and KELT-23 Ab (right panel), as described in the text. The maps
are computed dividing the CCF values by the standard deviation of the noise far (|Vrest| ≥ 25 km s−1) from
the peak. The horizontal (vertical) white dashed lines represent the expected Kp (Vrest) of the atmospheric
signal. The black "×" marks denote the cross-correlation maximum in each plot.

In Fig. 4.4 we report the (S/N) Kp − Vrest maps for the H2O signal, in which it can be seen that
we detected the atmospheric signal of the two targets. In particular, we detect the presence of H2O
with an S/N of 6.6 and 4.2 in the atmosphere of KELT-8 b and KELT-23Ab, respectively. In the
case of KELT-8 b, the peak of the signal is at a radial-velocity semi-amplitude Kp = 144+33

−32 km s−1,
compatible with the expected one at < 1σ and at a Vrest = 2.7+2.7

−2.7 km s−1. In the case of KELT-
23 Ab, the peak is shifted at Kp = 140+26

−29 km s−1 (∼ 20 km s−1 smaller than the expected value but
compatible at 1σ) and at a Vrest = −5.4+2.7

−2.7 km s−1. The origins of these RV shifts are discussed
in Sect. 4.4.1. Thus, our detection of the H2O signal constitutes the first measurement of the
atmospheric signal of the two targets. For what concerns the other chemical species, we did not
find any significant CCF signal (S/N≥ 3) for either planet. Even though we do not detect the other
secondary chemical species, we cannot exclude their presence in the atmosphere of the two targets,
as discussed in Sect. 4.4.

4.3.2 Atmospheric-retrieval analyses

In this section, we report the first investigation of the atmospheric properties of the two targets.
As described in Sect. 4.2.5, we performed an atmospheric retrieval with the simplest assumption of
an isothermal atmosphere in chemical equilibrium and a second retrieval in “free-chemistry”. We
report the retrieved value of the fitted parameters and the associated uncertainties in Table 4.4
and Table 4.5 for the chemical-equilibrium and “free-chemistry” retrieval, respectively. We took the
medians and the 15.87% and 84.14% quantiles of the posterior distributions as the values and 1σ

uncertainties of the fitted parameters.
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Table 4.4: Parameters, best-fitting values, and adopted uniform (U) priors for the chemical-equilibrium
retrieval.a

Parameter KELT-8 b KELT-23 Ab Prior

Kp [km s−1] 154± 10 163+25
−26 U [0; 250]

Vrest [km s−1] 3.30+0.89
−0.76 −3.14+2.50

−1.93 U [-10; 10]
log10(Pc) [log10, bar] ≥ −2.29 ≥ −4.58 U [-8; 2]
[M/H] [dex] 0.77+0.61

−0.89 −0.42+1.56
−1.35 U [-3; 3]

log10(C/O) ≤ −0.52 ≤ −0.11 U [-3; 2]
T0 [K] 897+162

−113 1833+612
−667 U [300; 3000]

Notes. (a)For each target we report the best-fitted value and the 1σ confidence interval of the retrieved parameters
with the exception of log10(Pc) and log10(C/O) for which we report the 2σ-level lower and upper limit, respectively.

Table 4.5: Parameters, best-fitting values, and adopted uniform (U) priors for the “free-chemistry” retrieval.a

Parameter KELT-8 b KELT-23 Ab Prior

Kp [km s−1] 152+11
−12 152+21

−22 U [0; 250]
Vrest [km s−1] 3.21+0.96

−1.02 −3.88+1.86
−1.40 U [-10; 10]

log10(Pc) [log10, bar] ≥ −2.50 ≥ −4.88 U [-8; 2]
T0 [K] 880+198

−148 2306+490
−765 U [300; 3000]

log10(VMRH2O) −2.07+0.53
−0.72 −2.26+0.75

−1.24 U [-10; -1]
log10(VMRCO) ≤ −2.55 ≤ −2.14 U [-10; -1]
log10(VMRCH4) ≤ −3.52 ≤ −2.17 U [-10; -1]
log10(VMRCO2) ≤ −2.49 ≤ −2.16 U [-10; -1]
log10(VMRC2H2) ≤ −2.14 ≤ −1.87 U [-10; -1]
log10(VMRHCN) ≤ −4.40 ≤ −2.25 U [-10; -1]
log10(VMRNH3) ≤ −4.47 ≤ −3.38 U [-10; -1]

Notes. (a)For each target we report the best-fitted value and the 1σ confidence interval of the retrieved parameters.
The values of the log10(Pc) and the VMRs reported for all the chemical species but H2O, which is the only detected
species, are the 2σ-level lower and upper limits, respectively.

KELT-8 b

In Fig. 4.5 we report the corner plots with retrieved posterior distributions of the fitted atmospheric
parameters for the chemical-equilibrium retrieval for KELT-8 b.

For this target, the atmospheric retrieval in chemical equilibrium converges at the expected
planetary orbital solution (Kp) at a confidence level < 1σ. The retrieval converges to a Vrest =
3.30+0.89

−0.76 km s−1, confirming the residual redshift of the CCF peak visible in the left panel of Fig. 4.4.
We find a lower limit on the cloud-top pressure of Pc ≥ 5.13mbar (at 2σ level). For KELT-8 b we
are able to constrain a metallicity of [M/H] = 0.77+0.61

−0.89 dex, that corresponds to 3.2 times the stellar
metallicity (i.e. [Fe/H] = 0.26± 0.10dex). For what concerns the C/O ratio, we are only able to
place an upper limit; in particular, we retrieve a sub-solar C/O ratio (i.e. C/O ≤ 0.30, at 2σ level).
The non-constrained log10(C/O) distribution, which has a median at C/O= 0.01, is due to the lack
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Figure 4.5: Posterior distributions for all the parameters of the chemical-equilibrium retrieval, for KELT-8 b.
Off-diagonal plots report the 2D posterior distribution for pairs of parameters with the 1σ-, 2σ-, and
3σ-confidence intervals. On-diagonal plots report the posterior distributions of each parameter marginalised
over the remaining parameters. The blue lines represent the predicted values for some parameters and the
red lines represent the median of the posterior distributions.

of detection of any carbon-bearing species with our dataset. A sub-unity C/O ratio was expected
given these non-detections and the simultaneous detection of H2O, the most common oxygen-bearing
species. Even if we put an upper limit on the C/O ratio, the posterior probability distribution seems
to increase when the C/O ratio decreases (at the lower extreme of the 1σ interval we have C/O
= 0.002). New observations, that can allow us to detect the presence of secondary carbon-bearing
species, could help to better constrain the C/O ratio probability distribution.

For what concerns the temperature, the retrieval converges at T0 = 897+162
−113 K. This is about half

the estimated equilibrium temperature (see Table 4.1). It is worth noting that with transmission
spectroscopy we only probe a small fraction of the atmosphere (i.e. the terminator) between the two
hemispheres of planets. Since hot Jupiters are expected to be tidally locked due to their proximity
to the host stars, the average temperatures of the two faces of these planets can be very different
(∆T ∼ 100 − 1 000K, Heng and Showman 2015). As a consequence, the estimated equilibrium
temperature could not be representative of the average temperature at the terminator, which is
strongly dependent on the atmospheric circulation. In addition, even assuming that the equilibrium
temperature is representative of the atmospheric layers where most of the absorption occurs, it is
worth noting that retrieving a temperature value lower than the expected equilibrium temperature
has proved to be a common output when 1D atmospheric models are used to fit transmission spectra
(e.g. MacDonald et al. 2020 and references therein, Boucher et al. 2023, Xue et al. 2024). This effect
could be due to possible asymmetries in the two regions (i.e. the morning and evening one) of the
terminator (MacDonald et al., 2020). However, these differences can be explored effectively only
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through at least a 2D atmospheric model and with a higher-quality dataset.
As can be seen in Table 4.5, also the atmospheric retrieval in the “free-chemistry” scenario

converges to Kp and Vrest values in accordance with those found by the chemical equilibrium retrieval
at < 1σ. Also, the retrieved value of T0 is in accordance with the value retrieved in the former
scenario at 1σ. For H2O we retrieve a volume mixing ratio of log10(VMRH2O) = −2.07+0.53

−0.72, in
accordance at 1σ level with what is predicted assuming an isothermal atmosphere in chemical
equilibrium at the temperature, C/O ratio and metallicity retrieved in the chemical equilibrium
scenario (i.e. log10(VMRH2O) = −2.31), while for the other chemical species we only find upper
limits on the abundances, in accordance with the non-detections we find with the CCF analysis of
our dataset.

KELT-23Ab

In Fig. 4.6 we report the corner plots with retrieved posterior distributions of the fitted atmospheric
parameters for KELT-23 Ab under the chemical-equilibrium assumption.

Figure 4.6: Posterior distributions for all the parameters of the chemical-equilibrium retrieval, for KELT-
23 Ab. Off-diagonal plots report the 2D posterior distribution for pairs of parameters with the 1σ-, 2σ-, and
3σ-confidence intervals. On-diagonal plots report the posterior distributions of each parameter marginalised
over the remaining parameters. The blue lines represent the predicted values for some parameters and the
red lines represent the median of the posterior distributions.

In the case of KELT-23 Ab, the atmospheric retrieval converges to a value of Kp compatible with
the expected one at < 1σ and to a Vrest value lower than 0 km s−1 (i.e. Vrest = −3.14+2.50

−1.93 km s−1),
confirming the residual blueshift of the signal visible in the CCF peak in the Kp−Vrest map (Fig. 4.4,
right panel). Also for KELT-23 Ab, we find a lower limit on the cloud-top pressure but, in this case,
it is at a lower pressure Pc ≥ 0.026mbar (at 2σ level). For KELT-23 Ab the posterior distributions
of the fitted parameters are less constrained with respect to the case of KELT-8 b, probably due
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to the lower S/N of the observations (as it can be seen in Table 4.2). Indeed, for what concerns
the chemical parameters, the metallicity posterior distribution is broader and we observe a larger
degeneracy between the log10(Pc) and [M/H]. However, we are still able to place a first constraint
on the metallicity of the atmosphere: the 1σ interval around the retrieved median value ranges
from a sub-solar ([M/H] = −1.77dex) to a super-solar metallicity ([M/H] = 1.14dex), with a
median sub-solar metallicity value ([M/H] = −0.42dex), that corresponds to 0.48 times the stellar
metallicity (i.e. [Fe/H] = −0.105+0.078

−0.077 dex). For the C/O ratio, also in this case, due to the lack
of detection of carbon-bearing species in our dataset, we are only able to retrieve an upper limit,
in particular, we measure a sub-unity C/O ratio (i.e. C/O ≤ 0.78 at 2σ level). The constraint on
the retrieved temperature is broad and even if the median retrieved temperature is higher than the
expected equilibrium one, there is compatibility at the 1σ level. As can be seen in Table 4.5, the
atmospheric retrieval in the “free-chemistry” scenario converges to a Kp that is in accordance with
the predicted value and with the value found in the chemical equilibrium scenario at 1σ. From both
atmospheric retrievals in the two analysed scenarios, we do not find evidence for the ∼ 20 km s−1

shift in Kp visible in the Kp − Vrest map, probably because between the peak of the CCF signal
and the CCF value at the expected Kp there is a small S/N difference of 0.5, making the peak
shift statistically non-significant. However, it is interesting to note that a Kp shift of ∼ 20 km−1

is very similar to the expected shift predicted by Eq. (7) in Wardenier et al. (2023) due to the
planetary rotation during the transit. Indeed, the predicted Kp shift is ∆Kp = −21.6 km s−1 for the
equatorial rotation velocity of KELT-23 Ab (Veq = 2.98 km s−1, in case of synchronous rotation), so
we cannot exclude that the observed shift is a hint of planetary rotation but we think that other
measurements are needed to retrieve this dynamical effect in a statistically robust way. The shift in
Vrest (i.e. Vrest = −3.88+1.86

−1.40 km s−1) is in accordance at < 1σ with the value found assuming the
chemical equilibrium and confirms a global blueshift of the atmospheric signal of KELT-23Ab.
Also in this case the retrieved reference temperature is in accordance with the value retrieved in
the chemical equilibrium scenario at 1σ level. In the case of KELT-23Ab, we retrieved a volume
mixing ratio of H2O equal to log10(VMRH2O) = −2.26+0.75

−1.24, in accordance at 1σ level with what is
predicted assuming an isothermal atmosphere in chemical equilibrium at the temperature, C/O ratio
and metallicity retrieved in the chemical equilibrium scenario (i.e. log10(VMRH2O) = −3.52) and,
also in this case, we can only put upper limits on the abundances of other secondary chemical-species
that we did not detect in cross-correlation in our dataset.

4.4 Discussion

4.4.1 KELT-8 b and KELT-23Ab atmospheric properties

The two hot Jupiters analysed in this work have an atmosphere in which water vapour is the dominant
secondary species. In particular, considering the 1σ interval of the water VMR, for KELT-8 b we
measured an abundance of water between 0.2% and 3%, with a median value of 0.9%, while for
KELT-23Ab we measured an abundance of water between 0.03% and 3%, with a median value of
0.5%. Even if the constraints on KELT-23Ab atmospheric metallicity are broader than those on
KELT-8 b, the median value of the distribution is about one order of magnitude smaller, implying
an average lower abundance of volatile heavy elements (e.g. oxygen, carbon) in accordance with
the lower abundance of water vapour. While we identified the H2O signature in cross-correlation
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for both targets, we did not observe the presence of other secondary species in our dataset. This
pushes the retrieved C/O ratio to lower values and, by being unable to measure the abundance of
carbon-bearing species, we had only retrieved upper limits.

This first atmospheric analysis of KELT-8 b and KELT-23Ab reveals two O-rich atmospheres,
with a sub-solar C/O ratio for KELT-8 b and a sub-unity C/O ratio for KELT-23Ab, at 2σ level.
Assuming an atmosphere in chemical equilibrium at Teq for the two planets and with C/O ratio upper
limits we find, water is expected to be the most abundant secondary species in the atmosphere of
hot Jupiters (e.g., Madhusudhan 2012, Moses 2014), while the formation of hydrocarbons like C2H2

and HCN is not favoured by the under-abundance of carbon, in accordance with the non-detection
we found. In this scenario, the most abundant carbon-bearing species is expected to be CO, whose
formation is favoured with respect to CH4. We found no evidence for CO in our dataset. Since most
of the CO absorption is concentrated in two absorption bands (one centered at 1 600 nm and one at
2 400 nm), we also tried to probe the presence of CO by using only GIANO-B orders in which these
two bands fall (i.e. orders number 0, 1, 14, 15, 16, 17, with the exclusion of 15 for KELT-23Ab)
but, also in this case, we did not find any significant signal at the expected planetary RV. In order
to further check our ability to detect the CO signal, for both targets we also performed a set of
injection and retrieval tests with the CO single-species model built with different volume mixing
ratios (i.e. log10(VMRCO) = −2,−3,−4) at the T0 found by the chemical-equilibrium retrieval. In
particular, for each trial VMR, we injected the model into the data with an RV shift of −15 km s−1

with respect to the RV from Eq. (1.23). To avoid possible spurious correlation, we repeated the
telluric removal procedure and the CCF analysis using the whole spectral range and built the
Kp − Vrest maps to search for the injected signal. For KELT-8 b, we were able to recover the injected
signal with an S/N ≥ 3 for the case of log10(VMRCO) = −2, −3, −4, while for KELT-23Ab we
were not able to recover the injected signal with an S/N ≥ 3 in any case. These indicative tests
are in accordance with the upper limits on the abundance of CO that we reported in Table 4.5 for
both planets. It is worth noting that the expected CO abundance assuming chemical equilibrium
(with the retrieved atmospheric parameters) is log10(VMRCO) = −4.3 and −5.1, for KELT-8 b and
KELT-23Ab, respectively. These values are well below the upper limits we found. Indeed, the
non-detection of the other probed chemical species less abundant than water does not exclude that
these species are present in the atmosphere of the two targets and that their lower signal may be
detectable with more observations at both high- and low-spectral resolution.

Hot Jupiters are expected to be tidally locked due to their proximity to their host stars. The
high-temperature gradient between the day side and the night side of these planets can induce the
presence of strong atmospheric dynamical effects (e.g super-rotating equatorial jet streams and
day-to-night side winds) spreading the heat around the planets (Heng and Showman, 2015, Showman
and Polvani, 2011). The possible presence of day-to-night side winds (with speeds of a few km s−1),
transporting atmospheric gases across the terminator from the sub-stellar point towards the colder
side of the planet (i.e. towards the observer during the planetary transit), introduces a blueshift of
the atmospheric transmission signal. Looking at the signal of H2O for KELT-23 Ab, we measured a
residual blueshift of the signal that can be explained by the presence of a day-to-night wind on this
planet with a speed of Vwind = −3.88+1.86

−1.40 km s−1 (the most precise value among the two retrieved),
a value in line with the typical wind speed measured on other hot Jupiters (e.g. Brogi et al. 2016,
Line et al. 2021, Nortmann et al. 2024, Snellen et al. 2010). Both targets orbit around G2V stars

Mario Basilicata 97



4.4. Discussion

but, considering the orbits, KELT-8 b receives 25% less flux from its host star than KELT-23Ab.
Therefore, the effects due to the redistribution of heat in the atmosphere could be less intense
because the amount of stellar energy received is less. However, this does not exclude the possible
presence of large-scale circulation effects on KELT-8 b that redistribute the incoming energy across
the atmosphere and planetary interior. Indeed, complex atmospheric dynamical effects, described by,
e.g., Wardenier et al. (2023) and Weiner Mansfield et al. (2024), can be a possible explanation also
for the observed residual redshift of the atmospheric signal of KELT-8 b.

However, it is worth noting that, besides the atmospheric dynamical effects, which could be
effectively studied with more precise measurements, by observing the signal of other chemical
species populating different atmospheric layers and by employing more realistic atmospheric models
(e.g. Beltz et al. 2023, Gandhi et al. 2022, Nortmann et al. 2024, Wardenier et al. 2023), also a
small orbital eccentricity can produce the residual Doppler shift of the signal observed for both
planets. Indeed, it is possible to obtain a residual radial-velocity shift of the signal between
−10 km s−1 < Vrest < 10 km s−1 by considering a small orbital eccentricity value e ∼ 0.01 − 0.05

(below the upper limit reported in the literature for both planets) and different values of the planetary
argument of periastron, ωp. So, even though for KELT-8 b and KELT-23Ab there is not robust
evidence for an eccentric orbit in the literature, a small residual eccentricity remains a possible
explanation for the observed atmospheric signal Doppler shift.

4.4.2 Possible formation scenarios for the two planets

By measuring the abundances of the different chemical species populating the atmosphere of an
exoplanet, it is possible to constrain its formation and evolution paths. Indeed, observables like
the atmospheric elemental abundance ratios (e.g. C/O and N/O) and the metallicity depend on
the planet formation location into the protoplanetary disk, the accretion mechanisms that enriched
the planet atmosphere with heavy elements, and the migration mechanisms that led to the current
orbital configuration of the planetary system (e.g. Madhusudhan 2019, Mordasini et al. 2016, Pacetti
et al. 2022).

Even though, in our work, we only detect the presence of H2O, we estimate its abundance and
place constraints on the planetary atmospheric metallicity and upper limits on the C/O ratio for both
targets. Therefore, we can try to make preliminary inferences on possible formation scenarios for
the two planets. Of course, with more precise future measurements of the atmospheric composition,
it would be possible to put stronger constraints on the planetary formation and evolution paths
followed by both targets.

The observed enrichment in the two giant planets suggests the accretion of the disk gas as the
source of their atmospheric metallicity (e.g. Pacetti et al., 2022, Turrini et al., 2021). It also suggests
that the possible sequestration of O by rock-forming elements (Fonte et al., 2023) should be limited,
meaning that the abundance of H2O provides a proxy for the bulk abundance of O. This scenario
would be confirmed by the non-detection of abundant rock-forming elements in future analyses. The
super-solar mixing ratio estimated for H2O in both planets argues for the accretion of high-metallicity
gas enriched by the sublimation of volatile species from drifting pebbles (e.g. Booth and Ilee, 2019,
Schneider and Bitsch, 2021). Finally, the non-detection of C and N species and the upper limits to
the C/O ratios of both planets (see below for discussion) point to the accretion of gas from a disk
region enriched primarily in O.
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Focusing on KELT-8 b, the availability of stellar abundances from the Hypatia Catalog Database
(Hinkel et al., 2014) enables for a more detailed analysis. The host star exhibits a super-solar
metallicity and a slightly sub-solar C/O ratio (∼ 0.51). Comparing these with our retrieved
parameters reveals that the giant planet is enriched in heavy elements by a factor of about 3
compared to its host star, with a sub-stellar upper limit for the normalised C/O ratio (< 0.59). This
sub-stellar C/O ratio, combined with a super-stellar VMR for H2O, suggests that the planet has
accreted gas more enriched in oxygen than carbon, consistent with gas accretion from within the
H2O snowline. In particular, the Hypatia Catalog Database reports that the [O/H] of KELT-8 is 0.2
dex, meaning that it is 1.58 times higher than the solar one. The estimated VMR for H2O then
points to a ∼ 7× enrichment in O with respect to the star, which is compatible with the estimated
super-stellar metallicity. Specifically, in a solar-like mixture, O accounts for about 45% of the mass
of heavy elements (Lodders, 2010), meaning that a ∼ 7× enrichment in O causes a 3× enrichment
in metallicity, consistently with the estimated value.

The lack of compositional data on KELT-23 A and the large uncertainties affecting the planetary
metallicity prevent us from refining the discussion as in the case of KELT-8 b. Based on the
correlations between stellar metallicity and composition discussed in da Silva et al. (2024), however,
the average C/O values for stars, whose metallicities fall in the uncertainty range of KELT-23A’s
[Fe/H], are expected to vary between 0.45 and 0.65. While the estimated upper limit to the C/O
ratio of KELT-23 Ab does not allow to rule out super-stellar values, it is broadly consistent with the
accretion of O-enriched gas across the snowline of H2O as discussed for KELT-8 b. This scenario
would suggest planetary metallicity values higher than the one reported in Table 4.4. Similarly to
what we discussed for KELT-8 b, if we assume a solar-like mixture, the O enrichment suggested
by the H2O VMR would point to a planetary metallicity [M/H] of the order of 0.5dex that, while
higher, is compatible within 1σ with the estimated atmospheric value.

Finally, it is worth noting that in order to completely understand the formation and orbital
evolution path followed by KELT-23 Ab, it is necessary to take into consideration also the presence
of the outer stellar companion in a wide orbit. Indeed, under some conditions, eccentric orbital
interactions with a distant companion star via Kozai–Lidov oscillations (Kozai, 1962) can lead to a
giant planet migration towards its host star and subsequent orbital circularisation through tidal
friction (Fabrycky and Tremaine, 2007). In order to effectively consider the magnitude of such
effects in the KELT-23Ab case, more data about the orbital configuration of the KELT-23 system
and the physical characteristics of the outer stellar body are needed.

4.5 Summary and Conclusions

In this work, we searched for the atmospheric signal of the two hot Jupiters KELT-8 b and KELT-
23 Ab, and started exploring their chemical and physical properties under the simplest assumption (i.e.
1D isothermal atmosphere), in order to enlarge the sample of known hot Jupiters with atmospheric
detection and characterisation.

We performed our study by analysing one transit observation for each target taken with the
NIR GIANO-B high-resolution (R ≈ 50 000) spectrograph mounted at the 3.58m TNG telescope.
By cross-correlating data with atmospheric transmission template models, we detect the signal
of H2O for both planets, with a CCF peak value corresponding to S/N = 6.6 and S/N = 4.2 for
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KELT-8 b and KELT-23Ab, respectively, while finding no significant signal for the other probed
chemical species. This constitutes the first observation of the atmospheric signal from KELT-8 b and
KELT-23 Ab.

We explored the chemical and physical properties of the two atmospheres in a Bayesian framework.
In particular, we ran two retrievals for both planets: a retrieval assuming chemical equilibrium and
a “free-chemistry” retrieval. Both the retrievals point towards an atmosphere rich in H2O (from
∼ 0.1% to ∼ 1%) for both targets.

For KELT-8 b, in the chemical-equilibrium scenario, we find an atmospheric metallicity of
[M/H] = 0.77+0.61

−0.89 dex, which corresponds to 3.2 times the stellar metallicity, while for the C/O ratio,
we can place a sub-solar upper limit at C/O ≤ 0.30 (at 2σ confidence level). In the “free-chemistry”
scenario, we can constrain an H2O abundance of log10(VMRH2O) = −2.07+0.53

−0.72, in accordance with
the prediction of chemical-equilibrium, while for the other probed chemical species we put upper
limits on their abundance.

For KELT-23 Ab, the posterior distributions of the parameters are broader than the ones retrieved
for KELT-8 b, probably due to the lower S/N of the dataset. Indeed, in the case of KELT-23Ab,
we find an atmospheric metallicity that ranges from a sub- to super-solar metallicity in the 1σ

confidence interval, with a sub-solar median value ([M/H] = −0.42+1.56
−1.35 dex), that corresponds to

0.48 times the stellar metallicity. For the atmosphere of KELT-23 Ab, we put a sub-unity C/O ratio
upper limit (C/O ≤ 0.78 at 2σ level). The “free-chemistry” retrieval converges to an H2O abundance
of log10(VMRH2O) = −2.26+0.75

−1.24, in agreement with the prediction of chemical equilibrium and, also
in this case, we place upper limits on the abundance of the other probed chemical species.

Comparing the atmospheric chemical characteristics with those of the host stars, we obtained
indications of the formation mechanisms of the two hot Jupiters. In particular, the constraints on
VMRH2O and the upper limits on the C/O ratio suggest for both planets the accretion of O-rich gas.
This, in turn, points to an accretion of gaseous material that occurred within the H2O snowline in a
pebble-rich disk where the gas phase is enriched in oxygen due to sublimation of water ice from the
inward-drifting pebbles.

With our analysis, we offer a preliminary investigation of the atmospheric properties of KELT-8 b
and KELT-23 Ab. New measurements of atmospheric spectra of both targets could allow us to detect
the presence of other secondary species other than refine the current H2O abundance and, thus, place
stronger constraints on the metallicity and the C/O ratio posterior distributions. We stress that our
main goal was not to give a fully comprehensive picture of the chemical and physical phenomena
occurring in the atmosphere of the two targets but to provide a first general characterisation of the
main properties of the two atmospheres under simple assumptions. Even if more complex 2- and
3-dimensional atmospheric models (including, e.g., global circulation and limb asymmetries, more
parametrised temperature profiles, and different chemical scenarios) would certainly provide a more
realistic description of the chemical and physical properties of the atmosphere of the two targets, this
is beyond the scope of this work, also given the limited amount of data available for both targets.

Our analysis based on only one transit observation for each target shows that these two planets,
whose atmospheres were unstudied before this work, are very interesting targets for atmospheric
investigations and that it is worth observing them with higher diameter instruments both at high
resolution from the ground and at low resolution from space with HST and JWST.
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Role of the Ph.D. candidate in the work

As the leading author of this work, carried out with Dr. Paolo Giacobbe and submitted to A&A
as Basilicata et al. (2024b), I coordinated the effort of the whole team. In particular, I reduced and
analysed GIANO-B data, while Dr. Paolo Giacobbe, who supervised the work giving important
advices, performed the atmospheric retrievals, by using a pipeline developed by him and Mr.
Francesco Amadori. I discussed the results of the atmospheric analysis, while the discussion about
the formation of the two planets was carried out by Dr. Elenia Pacetti and Dr. Diego Turrini.
Finally, the updated analysis of the KELT-8 stellar parameters was performed by Dr. Martina
Baratella, Dr. Katia Biazzo, and Dr. Aldo S. Bonomo.
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Chapter 5

Preliminary results of the investigation of
the atmospheric signal of the two hot
Jupiters WASP-13 b and HAT-P-1 b

In this chapter, I show the preliminary results of the analysis reported in a paper currently in
preparation (Basilicata et al., in prep.). In this work, we searched for the atmospheric signal of the
two hot Jupiters WASP-13 b and HAT-P-1 b, for the first time at high resolution.

Studying the atmosphere of hot Jupiters is important to understand their formation and evolution
processes, as well as to probe atmospheric environments that we do not find in our Solar System.
The two hot Jupiters WASP-13 b and HAT-P-1 b are valid targets for atmospheric investigation,
thanks to their inflated hot atmospheres (T ∼ 1 300− 1 500K). In this work, we use high-resolution
spectroscopy in the near-infrared (NIR), to search for the atmospheric signal of WASP-13 b, for the
first time, and to probe the atmosphere of HAT-P-1 b, for the first time at high resolution. For each
target, we analysed the atmospheric transmission spectra with the NIR GIANO-B spectrograph at
the TNG. In particular, for WASP-13 b, we used data of one transit observation while, for HAT-P-1 b,
we used data collected during two transits. We adopted a data-reduction approach similar to the one
adopted in the analysis reported in Chapter 4 and searched for the atmospheric signal of the targets
by cross-correlating single-species template atmospheric models with data. We first searched for the
signal of water vapour (H2O), as it is expected to be the most abundant secondary species in the
atmosphere of hot giant planets under a broad range of atmospheric conditions. Then, we searched
for the signals of other molecular species which are common in the atmosphere of this type of planets.
In this preliminary analysis, we do not detect the signal of H2O in either atmosphere, even when
combining the two datasets of HAT-P-1 b. We do not detect the signal of the other probed chemical
species, but only find a possible hint of the presence of CO in the atmosphere of WASP-13 b, whose
signal needs to be confirmed with further studies. In conclusion, in our preliminary analysis, we do
not detect the atmospheric signal of the two targets. The analysis is still ongoing and in the final
section of this chapter, we describe the future steps we plan to refine it.
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5.1 Introduction

Hot Jupiters and ultra-hot Jupiters are the most suitable targets for atmospheric characterisation,
as described in previous sections. Indeed, their hot (T ≥ 1 000K) inflated atmospheres produce the
highest atmospheric signal (see Eq. 1.19 and Eq. 1.21). Characterising the chemical and physical
properties of their atmospheres can improve our understanding of the mechanisms behind their
formation and evolution (e.g. Dawson and Johnson 2018, Madhusudhan 2019).

In this context, we employed high-resolution spectroscopy (HRS, see Birkby 2018, for a review)
to search for an atmospheric signal from the two hot Jupiters WASP-13 b (Skillen et al., 2009)
and HAT-P-1 b (Bakos et al., 2007), which both orbit Sun-like stars. WASP-13 b was discovered
using data from the Wide Angle Search for Planets survey (WASP, Pollacco et al. 2006), while
HAT-P-1 b was discovered using data from the Hungarian Automated Telescope Network survey
(HATNet, Bakos et al. 2004). Both targets were confirmed with photometric and spectroscopic
follow-up observations. HAT-P-1 b orbits around a star (ADS 16402 B) that is a member of a wide
binary system, composed of a pair of G0V stars (i.e. ADS16402A and ADS16402B), with a
projected separation of ≃ 1550 au (Bakos et al., 2007). In Table 5.11, we report a summary of the
physical and orbital parameters of the two planetary systems.

Both planets are puffier versions of Jupiter, indeed both have a larger radius (∼ 1.2RJ) but
a smaller mass (∼ 0.36MJ and ∼ 0.52MJ, for WASP-13 b and HAT-P-1 b, respectively). The
two inflated atmospheres have an atmospheric scale height of Hs = 883 km and Hs = 542 km
(assuming an atmospheric mean molecular weight of µ = 2.3 gmol−1), for WASP-13 b and HAT-
P-1 b, respectively. Combining these values with those of the stellar radii, we obtain an expected
atmospheric transmission signal amplitude of ∆ = 124ppm and ∆ = 140ppm, for WASP-13 b and
HAT-P-1 b, respectively. Even if these two hot Jupiters are ideal targets for atmospheric studies,
for WASP-13 b there are no atmospheric studies in the literature, while for HAT-P-1 b there are
no atmospheric studies in the literature performed with high-resolution spectroscopy. Indeed, for
what concerns the near-infrared (NIR), the atmosphere of HAT-P-1 b has been investigated only
with low-resolution HST/WFC3 data (Wakeford et al., 2013), which indicate the presence of water
vapour (H2O) in its atmosphere.

In this work, we present the preliminary results of the first investigation of the atmosphere
of WASP-13 b and HAT-P-1 b with high-resolution spectroscopy. In Sect. 5.2 we describe the
observations, the data reduction process, and the analysis we performed for the atmospheric
characterisation of the targets. In Sect. 5.3 we report the preliminary results, while in Sect. 5.4 we
discuss them and present our conclusions and future steps of the analysis.

1The symbols of the parameters listed in the table have the following meanings: M⋆ - stellar mass; R⋆ - stellar
radius; Teff - stellar effective temperature; [Fe/H] - stellar metallicity; log g - logarithm of stellar surface gravity; Vsys -
systemic radial velocity; H - apparent magnitude in the photometric H band; Mp - planetary mass; Rp - planetary
radius; ρp - planetary mean density; Teq - planetary equilibrium temperature; Porb - orbital period; T0 - transit epoch;
T14 - transit duration; i - orbital inclination; e - orbital eccentricity; a - orbital semi-major axis; Kp - planetary
radial-velocity semi-amplitude. The left reference numbers are for the parameters of the WASP-13 system, and the
right ones for those of the HAT-P-1 system. The references of the values in the table are: 1. Ehrenreich and Désert
(2011); 2. Ment et al. (2018); 3. Stassun et al. (2019); 4. Gaia Collaboration et al. (2023); 5. Bonomo et al. (2017);
6. Cutri et al. (2003); 7. Stassun et al. (2017); 8. Southworth (2012), 9. Nikolov et al. (2014); 10. Kokori et al. (2023);
11. Brothwell et al. (2014).
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Table 5.1: Main physical and orbital parameters of the WASP-13 and HAT-P-1 systems.

Parameter WASP-13 HAT-P-1 References

Stellar Parameters

Spectral Class . . . . . . . . . . G1 V G0 V 1, 2

M⋆ [M⊙] . . . . . . . . . . . . . . . . 1.08+0.13
−0.14 1.13+0.19

−0.11 3, 3

R⋆ [R⊙] . . . . . . . . . . . . . . . . . 1.58+0.10
−0.08 1.178+0.064

−0.039 3, 3

Teff [K] . . . . . . . . . . . . . . . . . 5 914+147
−144 6 051+127

−86 3, 3

[Fe/H] [dex] . . . . . . . . . . . . . 0.0± 0.1 0.158± 0.007 3, 3

log g [log10, cgs] . . . . . . . . . 4.070+0.083
−0.089 4.347+0.067

−0.091 3, 3

Vsys [km s−1] . . . . . . . . . . . . 10.00± 0.20 −2.64± 0.23 4, 4

Parallax [mas] . . . . . . . . . . 4.331± 0.020 6.244± 0.015 4, 4

Distance [pc] . . . . . . . . . . . . 230.9± 1.1 160.15± 0.38 4, 4

Age [Gyr] . . . . . . . . . . . . . . . 5.0+2.6
−1.7 2.7+2.5

−2.0 5, 5

H . . . . . . . . . . . . . . . . . . . . . . 9.182± 0.016 8.923± 0.030 6, 6

Planetary Parameters

Mp [MJ] . . . . . . . . . . . . . . . . 0.36± 0.09 0.525± 0.026 7, 5

Rp [RJ] . . . . . . . . . . . . . . . . . 1.22± 0.14 1.242± 0.053 7, 5

Mp [M⊕] . . . . . . . . . . . . . . . . 114± 29 167± 8 7, 5

Rp [R⊕] . . . . . . . . . . . . . . . . . 13.7± 1.6 13.92± 0.59 7, 5

ρp [g cm−3] . . . . . . . . . . . . . 0.26± 0.11 0.363± 0.050 7, 5

Teq [K]. . . . . . . . . . . . . . . . . . 1 531± 37 1 322+14
−15 8, 9

Porb [days] . . . . . . . . . . . . . . 4.35301101± 0.00000066 4.46529913± 0.00000037 10, 10

T0 [BJDTDB] . . . . . . . . . . . 2 457 077.30360± 0.00028 2 456 476.03405± 0.00019 10, 10

T14 [hr] . . . . . . . . . . . . . . . . . 4.003± 0.024 2.850+0.012
−0.013 11, 9

i [deg] . . . . . . . . . . . . . . . . . . 85.43± 0.29 85.634± 0.056 7, 9

e . . . . . . . . . . . . . . . . . . . . . . . ≤ 0.016 ≤ 0.011 5, 5

a [au] . . . . . . . . . . . . . . . . . . . 0.0557± 0.0018 0.0553+0.0012
−0.0013 8, 5

Kp [km s−1] . . . . . . . . . . . . . 174± 50 134± 24 7, 5
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5.2 Methods

5.2.1 Observations and data reduction

Both targets were observed simultaneously by the two high-resolution spectrographs GIANO-B
(wavelength range: 950− 2 450 nm, spectral resolving power R ≈ 50 000) and HARPS-N (wavelength
range: 383−693 nm, R ≈ 115 000) in the GIARPS configuration (Claudi et al., 2017) at the Telescopio
Nazionale Galileo (TNG), as part of the Global Architecture of Planetary Systems (GAPS) Project2.
Both targets were observed in the nodding ABAB observing mode (described in Sect. 2.1), allowing
an optimal subtraction of detector and thermal background noise.
For this analysis, we only used the NIR data from GIANO-B, as we were primarily interested in
estimating the volatile content of the atmospheres through molecular signatures.

For WASP-13 b, data from two transit observations were available (i.e. 26 December 2019 and 04
January 2022), but only data from the second transit were used for this analysis since the first transit
was observed only partially due to instrumental problems. On 04 January 2022, 68 spectra (with
exposure time per spectra of texp = 200 s) were available. The pre-transit and transit-ingress data
were missing, but ∼ 90% of the transit was available and observed at low airmass (mean airmass
AM = 1.02).

For HAT-P-1 b, data from two transit observations were available (i.e. 30 August 2019 and 31
July 2021). For each night, 64 spectra with texp = 200 s were taken. The target was observed at
a mean airmass AM = 1.04 and AM = 1.08, on the first and second night, respectively. On the
second observing night mild calima (see Sect. 4.2.1) was present. A schematic log of the observations
is reported in Table 5.2.

Table 5.2: Log of the GIANO-B observations of the transits of WASP-13 b and HAT-P-1 b.a

Target Night Airmass Nobs texp [s] (S/N)avg (S/N)min to (S/N)max

WASP-13 b 04 January 2022 1.11 → 1.00 → 1.06 68 200 18 4− 32
HAT-P-1 b 30 August 2019 1.12 → 1.02 → 1.03 64 200 30 1− 55
HAT-P-1 b 31 July 2021 1.21 → 1.02 64 200 26 1− 47

Notes. (a) From left to right we report: the date at the start of the observing night; the airmass during the planetary
transit; the number of observed spectra Nobs; the exposure time per spectrum texp; the signal-to-noise ratio averaged
across the whole spectral range (S/N)avg; the range of signal-to-noise ratios (S/N)min to (S/N)max in the individual
spectral orders.

Following the methods explained in Chapters 3 and 4, the raw spectra were dark-subtracted,
extracted, and calibrated in wavelength, using the GOFIO pipeline Python-3 version (Rainer et al.,
2018). As explained in previous chapters, the wavelength calibration performed by GOFIO is based
on observing the spectrum of a U-Ne lamp as a template at the end of each observing night, but
the pixel-wavelength solution is not sufficiently accurate for our kind of analysis and is expected
to shift and jitter during the observations due to the mechanical instability of the instrument. In
order to correct the spectral drift of the instrument, we aligned all the spectra of a single night to a
common reference frame via cross-correlation with a time-averaged observed spectrum of the target
used as a template. Thanks to this correction, we achieved a residual shift of the spectra well below
0.3 km s−1 (approximately 1/10th of a pixel) for most of the spectral orders. Finally, we refined
the wavelength calibration by matching the position of a set of telluric lines in the time-averaged

2https://theglobalarchitectureofplanetarysystems.wordpress.com/
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observed spectrum with a high-resolution atmospheric transmission model of the Earth generated
via the ESO Sky Model Calculator (Noll et al., 2012) and solving for the pixel-wavelength relation
with a fourth-order polynomial fit.

The GIANO-B spectral range covers the Y , J , H, K bands in 50 spectral orders and for this
analysis, we adopted the same approach we described in Sect. 4.2.1 for what concerns the spectral
orders to discard. In particular, we excluded a fixed set of spectral orders dominated by tellurics
(8-11,23-26,34-37) and the Y band (orders 38-49) in which GIANO-B has a characteristic drop of
throughput. Finally, in each observing night, we excluded a few orders with high residual drift or for
which the refined wavelength calibration procedure failed (i.e. orders number 0,3,4,13,22,27,28,30,31
for the night of WASP-13 b, and orders number 20,22,30 and 18,19,22,30 for the first and the second
night of HAT-P-1 b, respectively). In this way, we used a spectral range that is as uniform as possible
among the nights and in which the differences are mainly due to the stability of the pixel-wavelength
solution, which for a few orders depends on the S/N of the observations.

5.2.2 Telluric and stellar spectra removal procedure

In order to remove telluric and stellar contamination we employed a principal component analysis
(PCA) on each M ×N (M = 64− 68 spectra, N = 2048 pixels) data matrix associated with each
spectral order, following the methods described in Sect. 4.2.2. Also in this analysis, in order to
choose the appropriate number of principal components to remove, we iteratively computed the
standard deviation (σ) of the residuals by gradually increasing the number of components removed
from the data and measured its relative variation for each step: ∆σ = σi−1−σi

σi−1
, with i = the i-th

number of principal components removed. As can be seen from Fig. 5.1, the ∆σ of the residuals
gradually decreases when the number of principal components removed increases, down to a plateau,
as expected. In order to compute the minimum number of components at which the σ does not
change in a significative way (i.e. the plateau is reached), we studied the relative variation of
∆σ (indicated with the symbol δ) and, also for this analysis, we selected the minimum number of
principal components for which −0.1 < δ < 0 for all the spectral orders. In this way, we selected 9

components for the dataset of WASP-13 b and 8 components for both the datasets of HAT-P-1 b.
Once we applied the telluric removal procedure, we visually inspected the map of cross-correlation

function (CCF) values as a function of the planetary orbital phase, computed by cross-correlating each
of the three datasets with the models of water that we used for the CCF analysis (see Sect. 5.2.3), as
a further check. As it is visible from Fig. 5.2, there is no spurious cross-correlation at radial-velocity
RV= 0 km s−1 (i.e. the RV of the telluric signal measured in the observed rest-frame), for any of the
three cases.

It is worth noting that due to the combined effect of Earth’s velocity around the barycenter of
the Solar System (barycentric velocity) and velocity of the centre of mass of the star-planet systems
with respect to the Earth (systemic velocity), the planetary signal of HAT-P-1 b is shifted relatively
far from the telluric rest-frame in terms of RV during most of the transit (at the mid-transit point
the observed planetary signal has an RV∼ −12 km s−1 and RV∼ −21 km s−1, for the first and second
transit of HAT-P-1 b, respectively) and thus it is less affected by the telluric contamination.
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Figure 5.1: Variation of the standard deviation (σ) of the residuals as a function of the number of principal
components removed via PCA, for the WASP-13 b dataset (left panels) and the HAT-P-1 b dataset of the first
(middle panels) and second (right panels) night. Top panels: relative variation ∆σ of the standard deviation
of the residuals (expressed in percentage value and reported in logarithmic scale for a better visualisation) in
the different spectral orders (coloured solid and dashed lines). Bottom panels: relative variation of ∆σ (δ)
in the different spectral orders (coloured solid and dashed lines). The solid black horizontal line represents
the −0.1 threshold on δ used to identify the minimum number of principal components to select in order to
remove the telluric and stellar contamination.

5.2.3 Searching for atmospheric signals through cross-correlation analysis

In order to measure the atmospheric signal of the two targets, we first searched for the presence
of H2O, the most common primary molecular species in hot-giant planets’ atmosphere in a large
range of atmospheric temperatures (Madhusudhan, 2012). We built a single-species model for
each planet using the petitRADTRANS code (Mollière et al., 2019), assuming an isothermal
atmosphere at the equilibrium temperature reported in Table 5.1, dominated by hydrogen and
helium, with constant-with-altitude volume-mixing-ratios (VMRs) for hydrogen (VMRH2 = 0.855),
helium (VMRHe = 0.145), and water (VMRH2O = 10−3). Although single-species models do not
represent any specific chemical scenario, this was the simplest framework we could adopt to probe
the presence of chemical species in addition to H2 and He. After having searched for the presence
of H2O, we also searched for other chemical species common in the atmospheres of hot Jupiters
(i.e. CO, CH4, CO2, NH3, HCN, C2H2), building a single-species model as described above for each
molecular species. See Table 4.3 for the line-lists adopted to build these models.

To search for the atmospheric signal of WASP-13 b and HAT-P-1 b, we cross-correlated the
models with the data of each night. The CCF was evaluated by shifting the model in wavelength on
a fixed grid of RV lags (Eq. 4.2) ranging from −270 km s−1 to +270 km s−1, in steps of 0.1 km s−1.
The numeric computation was performed using the C_CORRELATE Pxy(L) IDL function3, with
null lag (L = 0), since the RV lags were applied to the wavelength array associated with the model.
For each lag, the model was interpolated (via spline interpolation) on the same wavelength array
of data before computing the CCF. The CCFs calculated for each spectral order were co-added to

3https://www.nv5geospatialsoftware.com/docs/C_CORRELATE.html
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Figure 5.2: Example of CCF values as a function of the orbital phase computed by cross-correlating
the model containing only H2O with the data from the first (top-left panel) and second (top-right panel)
night of HAT-P-1 b, and data from the single night (bottom-left panel) of WASP-13 b. The horizontal
dashed lines represent the transit ingress and egress while the dash-dotted line represents the expected
CCF peak trail due to the planetary motion, as measured in the observer rest frame. The expected CCF
peak trail in transit is not represented for clarity. As it is visible, no telluric residuals are visible by eye at
RV = 0 km s−1 in the three datasets. The white horizontal band in the bottom-left panel corresponds to a
lack of pre-transit/transit-ingress spectra.

obtain a single CCF for each exposure of each night.
Following the methods described in Sect. 4.2.4, we assumed that the Doppler shift of the

atmospheric signal, as observed from the Earth, can be expressed as a function of three RVs (see
Eq. 1.23) and assumed a circular orbit for both targets (Bonomo et al., 2017). We built the Kp−Vrest
maps exploring a range of planetary RV semi-amplitudes Kp (defined in Eq. 1.26) that spans from
0 km s−1 to 270 km s−1 in steps of 1.0 km s−1. The expected planetary RV semi-amplitudes are
Kp = 174± 50 and Kp = 134± 24, for WASP-13 b and HAT-P-1 b, respectively. In order to build
these maps, we binned the CCF values in RV using a bin width of 3.1 km s−1 and took the median of
the CCF values in each RV bin as the value of the CCF associated with each bin, before co-adding
the CCF values in phase for each trial Kp.

5.3 Results

In Fig. 5.3, we report the S/N Kp − Vrest maps obtained by cross-correlating the H2O model with
WASP-13 b and HAT-P-1 b data. For HAT-P-1 b, we show both the S/N Kp−Vrest map obtained by
using single-night data and by combining the data from the two observing nights. In order to build
these maps, we divided the CCF values by the standard deviation of the noise far (|Vrest| ≥ 25 km s−1)
from the peak.

As it can be seen from Fig. 5.3, for WASP-13 b, we do not detect any significant signal (S/N≥ 3)
around the expected planetary RV. In the S/N Kp − Vrest map of the H2O model, there is a spurious
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Figure 5.3: (S/N) Kp − Vrest maps. These maps are built by cross-correlating a single-species model of H2O
with data from the single night of WASP-13 b (top-left panel) and data from the first (bottom-left panel) and
second (bottom-right panel) night of HAT-P-1 b (right panel), as described in the text. We also report the
(S/N) Kp − Vrest map obtained by combining the data from the two observing nights of HAT-P-1 b (top-right
panel). The maps are computed by dividing the CCF values by the standard deviation of the noise far
(|Vrest| ≥ 25 km s−1) from the peak. The horizontal (vertical) white dashed lines represent the expected Kp

(Vrest) of the atmospheric signal. The black "×" marks denote the cross-correlation maximum in each plot.

peak of the signal at Vrest ∼ 70 km s−1 and Kp ∼ 195 km s−1. This signal can have different possible
origins. For example, it could be due to cross-correlation with telluric residuals not entirely corrected
by PCA. However, this hypothesis does not seem probable, since the RV of the signal is too high
with respect to the RV of telluric lines, as measured inside the planetary rest-frame (∼ 3 km s−1).
In addition, by being the telluric signal stationary in the observer rest-frame, it is expected to be
observed at low Kp (∼ 0 km s−1). Another possible explanation is the presence of aliasing, that is a
systematic artefact of CCFs due to either auto-correlation of the model with the searched species
or correlations with alternative species in the spectrum, (see Borsato et al. 2023, and references
therein). However, it is worth noting that we do not see multiple CCF peaks at different RVs (as
typical of aliasing), but only a single one. Therefore, further analyses are needed to investigate the
possible origin of this spurious peak.
For what concerns HAT-P-1 b, looking at the Kp − Vrest maps we do not find any significant signal
around the expected planetary RV. In particular, on both nights, the CCF signal has a maximum
S/N ∼ 3 without any significant peak at the expected position. Even if, in the second night, a peak
of the signal is visible at Kp = 76 km s−1 and Vrest = 2.7 km s−1 (compatible with the expected
RV at < 3σ), it is not statistically significant (S/N= 2.6) and thus cannot be considered as an
atmospheric signature. When the data from the two nights are combined, we do not observe any
significant signal around the expected planetary RV and the map does not show any spurious
significant cross-correlation peak.

We do not find any significant signal for the other testes molecular species in both the dataset
of WASP-13 b and HAT-P-1 b. We searched for all the other molecular species using the same set
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of spectral orders (see Sect. 5.2.1). However, the CO has absorption features in only two spectral
bands (one centered at 1 600 nm and one at 2 400 nm), considering the GIANO-B wavelength range.
Therefore, we also searched for the signal of CO by using only orders covering these bands (i.e.
orders number 1,14,15,16,17). In this case, a significant signal around the expected planetary RV is
visible in the Kp − Vrest map of the CO for WASP-13 b (see Fig. 5.4). Even if the peak of the signal
is shifted at a Kp higher than the expected one (Kp > 250 km s−1), at the expected planetary RV
the CCF signal has an S/N= 5.2 (i.e. an S/N only 0.7 unities smaller than the S/N of the peak).
In Fig. 5.4, we also show the CCF values as a function of the planetary orbital phase, computed
by cross-correlating the CO model with data, in order to visually check the possible presence of
spurious cross-correlation with the stellar spectrum that could produce the signal we observe. As it
is visible, we do not see by eye the presence of spurious cross-correlation at the stellar RV. However,
since the most significant signal in the Kp − Vrest map is not centered around the planetary RV,
we do not consider this as a detection, but as a possible hint of the presence of CO, that must be
confirmed with future studies (see Sect. 5.4).

Figure 5.4: CCF analysis of the atmospheric CO signal. Left-panel: (S/N) Kp − Vrest map obtained by
cross-correlating a single-species model of CO with data from the single night of WASP-13 b. The meaning of
the symbols is the same as that reported in Fig. 5.3. As it can be seen, the CCF peak (S/N = 5.9) is shifted
with respect to the expected planetary RV and, at the expected position in the Kp − Vrest map, the CCF has
an S/N= 5.2. Right-panel: CCF values as a function of the orbital phase computed by cross-correlating the
model containing only CO with the data from the single night of WASP-13 b. The meaning of the symbols is
the same as that reported in Fig. 5.2, with the addition that the red dash-dotted line represents the expected
RV of the stellar signal, as measured in the observer rest frame. As it is visible, no spurious cross-correlations
are visible by eye at the stellar RV.

5.4 Discussion and future steps of the analysis

In this work, we reported a preliminary analysis of the atmospheric investigation of the two hot
Jupiters WASP-13 b and HAT-P-1 b, at high spectral resolution.
We applied a data reduction and analysis approach similar to that used for the analysis of KELT-8 b
and KELT-23 Ab, reported in Chapter 4. By performing a CCF analysis on data of a single transit
of WASP-13 b and of two transits of HAT-P-1 b, we do not measure the atmospheric signal of the
two targets. Indeed, we do not find evidence for the presence of the signal of H2O and of the other
probed species by cross-correlating single-species models with data. Only for WASP-13 b, we find a
signal that could hint at the presence of CO in the atmosphere of the target.

In order to interpret our results, we considered the atmosphere of both targets to be in chemical
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equilibrium. In particular, for the atmosphere of WASP-13 b we assumed a stellar metallicity (see
Table 5.1), and a stellar carbon-to-oxygen (C/O) ratio (i.e. C/O = 0.45, from the Hypatia Catalog
Database, Hinkel et al. 2014). Also for the atmosphere of HAT-P-1 b, we assumed a stellar metallicity
(see Table 5.1), and a stellar C/O ratio (i.e. C/O = 0.62, from the Hypatia Catalog Database).
Finally, for each target, we assumed an isothermal atmosphere at the equilibrium temperature
reported in Table 5.1. Under these assumptions, we derived the volume-mixing-ratios (VMRs) of
each chemical species as a function of atmospheric pressure, using the chemical network Chemcat4

(Cubillos et al. in prep.). In Fig. 5.5, we plot the derived VMRs of different chemical species as a
function of the atmospheric pressure for the atmosphere of both targets. As is visible, and as expected
considering the equilibrium temperature and the assumed C/O ratios of the targets (Madhusudhan,
2012), the most abundant molecular species, after H2, are H2O and CO, as the formation of CO
is favoured with respect to CH4 for temperatures higher than T ∼ 1 300K. For each planet, the
abundances of H2O and CO are similar to each other, with the abundance of CO being slightly higher
than that of H2O in the case of HAT-P-1 b. Indeed, VMRH2O ∼ 0.00046 and VMRCO ∼ 0.00038, for
WASP-13 b, while VMRH2O ∼ 0.00046 and VMRCO ∼ 0.00075, for HAT-P-1 b. Among the probed
molecular species, CO2 is expected to be the third most abundant species, but with a VMR ∼ 10−3

times lower than those of H2O and CO.

Figure 5.5: VMRs of different chemical species as a function of atmospheric pressure, for the atmosphere
of WASP-13 b (left panel) and HAT-P-1 b (right panel). The VMRs are computed assuming an isothermal
atmosphere in chemical equilibrium with the parameters reported in the text. As it can be seen, H2O and
CO are expected to be the most abundant molecular species after H2, in both atmospheres.

From this indicative simulation, we expect the signals of H2O and CO to be stronger than those
of the other molecules and, thus, easier to detect. For what concerns the hint of the presence of CO,
which we find in the atmosphere of WASP-13 b, it is in accordance with this scenario. However, it
is worth noting that, if we assume a planetary origin for this signal, the high RV shift of the peak
of the signal would be difficult to explain with the presence of atmospheric dynamical effects only.
Indeed, for example, assuming a synchronous rotation for WASP-13 b, the possible Kp shift due
to atmospheric rotation would be of about ∆Kp = 12 km s−1, according to Eq. (7) in Wardenier
et al. (2023), which is a small quantity compared to the observed shift (∆Kp ∼ 100 km s−1). For
these reasons, we conservatively consider it as a non-detection and suggest confirming the possible
presence of CO with further analyses.

In conclusion, we do not detect the atmospheric signal of the two hot Jupiters WASP-13 b and
HAT-P-1 b, with our preliminary CCF analysis of high-resolution GIANO-B data. Our non-detection

4https://chemcat.readthedocs.io/en/main/chemistry_tutorial.html
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5.4. Discussion and future steps of the analysis

of H2O in the atmosphere of HAT-P-1 b does not confirm the detection obtained at low resolution.
However, we want to underline that our non-detection does not exclude that this chemical species, as
well as the other probed ones, is present in the atmosphere of the two targets. With the CCF analysis
alone, we are not able to put upper limits on the abundance of the chemical species present in the
atmosphere of WASP-13 b and HAT-P-1 b, but we can have first indications about the strength of
the atmospheric signal of the two targets. The analysis is still ongoing in order to better understand
the origin of our non-detections and to exclude possible observing and/or instrumental problems
that occurred during the collection of the data, that could have impacted our analysis. In order
to fulfil these aims, as the next steps of this analysis, we will perform injection and retrieval tests
with different models (e.g. single-species models of H2O and CO, with different VMRs), in order to
further check our ability to detect the signals of the dominant secondary molecular species. We will
also perform a CCF analysis employing multiple-species models (e.g. transmission spectrum models
obtained assuming an atmosphere in chemical equilibrium), in order to test the possibility that the
single-species models used in this analysis are not sufficiently adequate to probe the atmosphere of
these two targets. Another step of this analysis will be to analyse also the visible data collected
by HARPS-N during the three transits, in order to measure the atmospheric signal of the targets
through the detection of atomic species and to cross-check the presence of observing problems.
Finally, in the future, we plan to observe again both targets in order to refine our analysis with new
data, both with GIANO-B and with other high-resolution NIR instruments (e.g. CARMENES).

Role of the Ph.D. candidate in the work

As the leading author of this work (in preparation), I coordinated the work and performed the
preliminary cross-correlation analysis, under the supervision of Dr. Paolo Giacobbe. Regarding the
future developments of this work, I will carry out the various tests we planned.
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Chapter 6

Conclusions

In this chapter, I report a summary and the main conclusions of the results achieved in the works
presented in this Ph.D. thesis and present the studies that could be carried out in the near future in
line with the ones conducted during my three years of Ph.D. studies.

6.1 Summary of the results achieved

In this thesis, I reported the analysis of the transmission spectra of the atmosphere of five hot giant
exoplanets, obtained with the near-Infrared (NIR) GIANO-B high-resolution spectrograph, mounted
at the Telescopio Nazionale Galileo (TNG). These analyses, reported from Chapter 3 to Chapter 5,
resulted in a published paper (Basilicata et al., 2024a), a submitted paper (Basilicata et al., 2024b),
and a paper currently in preparation (Basilicata et al., in prep.).

In particular, in Chapter 3, I reported the analysis of high-resolution observations of the
atmosphere of the warm Neptune HAT-P-11 b. Warm Neptunes are difficult targets for atmospheric
studies, due to their relatively small radii and low temperatures, which result in a reduced atmospheric
scale height. However, HAT-P-11 b is a remarkable target for atmospheric characterisation, because
of the large brightness of its host star (V = 9.46mag; H = 7.13mag). In this work, we first
reviewed the physical and architectural properties of the HAT-P-11 planetary system, by analysing
transits and occultations of HAT-P-11 b from the Kepler data set as well as HIRES at Keck archival
radial-velocity data. In this work, we measure a radius of Rp = 0.4466 ± 0.0059RJ, a mass of
Mp = 0.0787± 0.0048MJ, and an orbital eccentricity of e = 0.2577+0.0033

−0.0025, for HAT-P-11 b. These
values are in agreement with those in the literature. We also find an alternative explanation to the
long-period radial-velocity signal of HAT-P-11 previously attributed to the HAT-P-11 c planet (Yee
et al., 2018). In particular, we suggest that it is likely due to the stellar magnetic activity cycle.
Probing the atmosphere of HAT-P-11 b, we detect the presence of H2O (with an S/N of 5.1 and a
significance of 3.4σ) and of NH3 (with an S/N of 5.3 and a significance of 5.0σ). We also tentatively
detect the presence of CO2 and CH4, with an S/N of 3.0 and 4.8, and a significance of 3.2 σ and
2.6 σ, respectively. The significance of the detections was computed by performing a Welch t-test on
two samples of CCF values: the former far (|Vrest| > 25 km s−1) from the planet’s rest-frame velocity
and the latter near to it (|Vrest| < 3 km s−1). The robustness of these detections was evaluated by
performing different statistical analyses.
In conclusion, these results confirm the detection of H2O obtained at low resolution and constitute
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6.1. Summary of the results achieved

the first detection of NH3 in the atmosphere of a warm Neptune. They also constitute the first
simultaneous observation of multiple molecular species in the atmosphere of this type of planets. With
our results, we started exploring plausible chemical conditions for the atmosphere of HAT-P-11 b.
In particular, our models suggest two scenarios more in line with the observations: the first model
describes an atmosphere in chemical equilibrium with super-solar metallicity and enhanced C/O and
N/O ratios relative to solar values; the second model describes an atmosphere with disequilibrium
chemistry (i.e. NH3 vertical quenching), lower metallicity, and C/O and N/O ratios close to solar
values. Finally, we also show how a small error (≈ 1%) on the eccentricity and argument of periastron
parameters translates into a large uncertainty (≈ 25%) on the retreived Kp parameter. It is important
to take into account this last result for future investigation of atmospheric dynamical effects.

In Chapter 4, I report the analysis of the atmospheres of the two hot Jupiters KELT-8 b and
KELT-23 Ab. Even if they are valid targets for atmospheric characterisation, there are no atmospheric
studies in the literature for either planet. Therefore, in this work, we searched for the atmospheric
signature of both planets for the first time. In order to do this, we first searched for the presence
of H2O, the most common molecular species in the atmosphere of hot giant planets under a broad
range of physical and chemical conditions. We detect the signal of H2O in both the atmospheres of
KELT-8 b and KELT-23 Ab, with an S/N = 6.6 and S/N = 4.2, respectively. We also searched for
the presence of other secondary species common in the atmosphere of this type of planets but we do
not detect any of them. We also performed a preliminary characterisation of atmospheric chemical
and physical properties, under simple assumptions (i.e. one-dimensional isothermal atmospheres).
In order to do this, we run two different retrievals for each target: a retrieval assuming chemical
equilibrium and a “free-chemistry” retrieval, in which the abundance of each molecule could vary freely.
With this analysis, we determine constraints on the chemical conditions of the two atmospheres, for
the first time. In particular, in the case of KELT-8 b, we determine a water volume mixing ratio
of log10(VMRH2O) = −2.07+0.53

−0.72, a metallicity [M/H] = 0.77+0.61
−0.89 dex, and a sub-solar C/O ratio

(C/O ≤ 0.30, at 2σ). For KELT-23 Ab, we find log10(VMRH2O) = −2.26+0.75
−1.24, a metallicity [M/H]

= −0.42+1.56
−1.35 dex, and a C/O ratio ≤ 0.78 (at 2σ). Comparing the retrieved chemical properties of

the atmospheres of the two planets with those of the host stars, we suggest a formation scenario for
each target. In particular, we find that for both planets, the accretion of gaseous material occurred
within the H2O snowline in a pebble-rich disk, enriched in oxygen due to sublimation of water ice
from the inward-drifting pebbles.
In conclusion, we report the detection of the atmospheric signal of KELT-8 b and KELT-23Ab,
through the measurement of the signal of H2O. We also report the first preliminary characterisation
of the chemical-physical properties of the atmospheres of the two targets, that allows to put first
constraints on the chemical composition of the two atmospheres and to infer important information
about the formation mechanisms behind the two hot Jupiters. Finally, our analysis of only one
transit observation for each target shows that these two planets are very interesting targets for
atmospheric investigations and that it is worth observing them with more powerful instruments, in
order to improve our knowledge about their atmospheres and their formation.

In Chapter 5, I report the preliminary results of the first atmospheric study of WASP-13 b and
the first high-resolution investigation of the atmosphere of HAT-P-1 b. We adopted a data-reduction
approach similar to that reported in Chapter 4 and searched for the atmospheric signal of the targets
by cross-correlating data of one transit observation (for WASP-13 b) and of two transit observations
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(for HAT-P-1 b), with single-species atmospheric models. We first searched for the signal of H2O,
but our preliminary results do not show any significant signal at the expected planetary radial
velocity, for either target. We also searched for the presence of other molecular species, common in
the atmosphere of hot giant planets, but we do not detect any of them in the atmosphere of the
two planets. We only find a possible hint of the presence of CO in the atmosphere of WASP-13 b,
whose signal needs to be confirmed with further studies. We also computed the expected abundances
of different chemical species, for the atmosphere of each of the two targets, under the assumption
of an isothermal atmosphere in chemical equilibrium, with the metallicities and C/O ratios of the
respective host stars. For both planets, we find that the most abundant secondary tracers are H2O
and CO, with abundances similar to each other. This simple chemical scenario has to be confirmed
with further analyses.
In conclusion, with our preliminary analysis we do not detect the atmospheric signal of WASP-13 b
and HAT-P-1 b, not confirming the detection of H2O obtained at low resolution for the latter. We
find a possible hint of the presence of CO in the atmosphere of WASP-13 b which, if confirmed, would
be in accordance with the prediction from chemical equilibrium. The analysis is still ongoing and we
plan to perform further tests and observations in order to refine our analysis and to understand the
origin of the non-detections.

6.2 Future perspectives

In my Ph.D. thesis, I have studied the transmission spectrum of several exoplanets, including
hot Neptunes and hot Jupiters. These analyses have contributed to a better characterisation and
understanding of their atmospheres. I plan further investigations associated with this research line
in the near future, in order to understand other aspects of these atmospheres and improve our
knowledge about hot giant planets.

For what it concerns the future perspectives of the works reported in this thesis, the near-future
plans are described in the following. In particular, the next step of the study of HAT-P-11 b is to
analyse new observations gathered by GIANO-B and by other instruments (e.g. CARMENES), in
order to increase the S/N of the detections, to independently confirm the results we obtain and to
find conclusive evidence of the presence of CH4 and CO2 in the atmosphere of the target. We also
plan to perform atmospheric retrieval analyses in a Bayesian framework, in order to identify which
chemical scenario better describes the atmosphere of HAT-P-11 b among the two proposed and to
constrain the chemical and physical conditions of its atmosphere, on a statistically robust base. With
this future analysis, we will also be able to suggest plausible formation mechanisms for this target.
For what it concerns the analysis of KELT-8 b and KELT-23 Ab, we show that these two hot Jupiters
are remarkable targets for further atmospheric investigations. Indeed, we plan to observe them with
both high-resolution instruments from the ground (e.g. CRIRES+) and low-resolution instruments
from space (i.e. HST and JWST). These future observations will allow us to better characterise
the atmospheric properties of the two hot Jupiters and to put stronger constraints on the chemical
composition of the two planets, through the detection of secondary species other than H2O. We
also plan to perform atmospheric retrieval analyses by using more complex atmospheric models,
which keep into account the three-dimensionality of the planets, in order to investigate possible
asymmetries between the two regions of the terminator (i.e. the morning and the evening one) and,
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6.2. Future perspectives

more in general, to better characterise the atmospheric dynamics of the two hot Jupiters.
Finally, the near-future steps of the analysis of the atmospheres of WASP-13 b and HAT-P-1 b will be
focused on understanding the origin of our non-detections and excluding possible observing and/or
instrumental problems that occurred during the collection of the data, that could have impacted
our analysis. In particular, we plan to perform different tests of injection and retrieval of artificial
atmospheric signals in order to check our ability to detect them with the available datasets. We
plan to build atmospheric models with different complexity to explore how this aspect affects the
detection of the atmospheric signal of the two planets. We also plan to observe these two targets
again, both with GIANO-B and with other high-resolution instruments, in order to increase the S/N
of the observations and to cross-check the presence of possible systematic effects in our preliminary
analysis.

In general, as a future perspective of this research line, I plan to enlarge the number of hot
giant planets with atmospheric characterisation, searching for the atmospheric signal of planets
for which there are not atmospheric studies in the literature. I also plan to refine the analysis of
already studied targets with future observations both with GIANO-B and with other high-resolution
instruments, with the aim of improving our knowledge about their atmospheric chemical and physical
properties. These two future steps will allow us to perform more precise population studies of the
atmospheres of hot giant planets, which can allow us to better understand the main mechanisms
driving their atmospheres and their formation and evolution processes. In this context, I plan to
extend the investigation of the atmospheric properties of exoplanets by also performing atmospheric
studies in emission, since this kind of observations can bring important information about the
three-dimensional thermal structure and the radiative state of exoatmospheres.
I also plan to improve my knowledge of the data analysis of spectra gathered with low-resolution
instruments, in order to combine the information that can be extracted from both the high-
resolution and low-resolution observations of the same target. This will result in more precise and
accurate constraints on both the atmospheric properties and the formation/migration mechanisms
of exoplanets.

The works presented in this Ph.D. thesis contribute to improve our comprehension of exoplanetary
atmospheres and test the capabilities of the high-resolution spectroscopy technique.
The future is bright for the atmospheric characterisation of exoplanets both at high- and low-resolution.
For what it concerns high-resolution, future new-generation extremely large telescopes (e.g. the
European Extremely Large Telescope, E-ELT) will allow the detection of the faint atmospheric signal
of terrestrial planets. Therefore, refining this technique by studying hot giant planet atmospheres
today, will allow us to detect possible biosignatures in the atmosphere of Earth-like planets in the
future and, thus, to possibly answer the deep question reported at the beginning of this thesis work:
are we alone in the Universe?
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