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Resumen

Desde que los primeros exoplanetas fueron descubiertos, hemos intentado llegar cada vez mas
lejos. Los primeros planetas descubiertos fueron los Jupiters calientes, planetas del tamafio del orden
de Jupiters que tienen un periodo de rotaciéon mas cortos que Mercurio. Estos nos ayudaron a aclarar
modelos de formacion de sistemas planetarios y a entender el funcionamiento de las atmoésferas de los
gigantes gaseosos.

Debido a los procesos de formacion de estos planetas y a su cercania a sus estrellas centrales, lo que
se espera de sus atmdsferas es que estén dominadas por metales y que todas las moléculas complejas
que pudieran formarlas estén disociadas debido a las altas temperaturas. Normalmente, el estudio y
andlisis de estos planetas giran alrededor de buscar elementos como helio, hierro, carbono, magnesio,
etc. Debido que estas especies dominan en opacidad en el rango del 6ptico.

Cuando se comprendieron mejor estas atmdsferas, empezaros a realizarse estudios de baja resolu-
cién en los que se buscaba ver el efecto que sufria la luz de las estrellas anfitrionas al ser filtrada por
los Jupiters calientes durante los transitos. Debido a que eran métodos de baja resolucién los estudios
se limitaban a los metales mencionados con anterioridad, principalmente, helio.

En los dltimos afios, se han implementado procesos de alta resolucién para comprobar la existencia
de moléculas complejas u otros metales en este tipo de atmdsferas. En mi caso, apliqué "cross-
correlation”, método presentado por primera vez en Snellen et al. [2010] y que se basa en el método de
correlacion cruzada que es una medida de la similitud entre dos sefiales, frecuentemente usada para
encontrar caracteristicas relevantes.

Mis dos principales objetivos son adaptar el cdigo empleado por la Dra. M. Stangret en Stangret
et al. [2020, 2021, 2022], para datos del HARPS-N a observaciones de GIANO-B vy aplicar dicho
c6digo a planetas que ain no han sido analizados en este rango espectral, en busca de moléculas
complejas caracteristicas del rango infrarrojo cercano como agua, metano, monéxido de carbono,
di6xido de carbono, hidruro de hierro y 4cido cianhidrico.

Mis datos fueron obtenidos de observaciones realizadas mediante "nodding" con la configuracion
ABAB. A partir de estas, mis colaboradores del INAF, Mario Basilicatta y Paolo Giacobbe, usando
GOFIO y GUlIbrush, han calibrado los datos en longitud de onda; han obtenido graficas de la evolucién
de la sefial-ruido y del desviamiento de cada orden en base al "nodding"; han alineado los espectros; y
han calculado los principales pardmetros necesarios para la aplicacion de la "cross-correlation”, tales
como la semi-amplitud de velocidad, K,,, radio del planeta, velocidad sistematica, etc.

Tras esto, me he encargado de seleccionar los 6rdenes ttiles para cada espectro, dejando fuera aque-
llos que habian sufrido un gran desplazamiento durante el "nodding" y los que estaban completamente
saturados por la absorcion teldrica; enmascarar los pixeles problematicos, los pixeles caliente, valores
que se desvian més de 50 y los frios, pixeles que toman valores negativos debido al procedimiento por
el cual mis colaboradores han extraido los "flats"; y normalizar los espectros, usando un método que se
basa en dividir cada orden de cada espectro en 50 trozos y de cada trozo seleccionar los 50 valores mds
altos para crear un polinomio que se ajuste a esos valores, de forma que al dividir el espectro de cada
orden por ese polinomio, este quede perfectamente normalizado.

Una vez nuestros espectros estaban propiamente reducidos, he aplicado el método SYSREM, un
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método de tipo ACP que compara la varianza de los valores de una matriz de forma que elimina las
sefiales correlacionadas de multiples series de tiempo, es decir, se encarga de eliminar los errores
sistematicos de nuestros datos. Cabe destacar que, para mi, la contaminacion teldrica y la sefial de la
estrella serdn errores sistematicos, ademds de los inducidos por la instrumentacion y la electronica.
Esto es debido a que estas sefiales se mantienen en el tiempo y son una constante a lo largo de todos
los datos, siendo una suerte de "errores" que me impiden ver la sefial proveniente del planeta. Es
necesario aplicar varias iteraciones de este método, ya que es un método escalado, es decir, en la
primera interaccion elimina errores relacionados con la masa de aire, en la segunda con la extincién,
y asi hasta que desecha la sefial de la estrella dejando la del planeta completamente libre. Yo he
realizado 15 iteraciones, simplemente para alcanzar la sefial-ruido 6ptima, aunque normalmente, con

8/9 iteraciones es suficiente.

A pesar de tener el espectro planetario, necesitaba unos modelos atmosféricos, en mi caso los
he desarrollado usando petitRADTRANS, Molliere et al. [2019]. Dado que trabajaba con Juipiters
calientes y ultra calientes, la obtencién de estos modelos fue muy simple ya que pude ignorar efectos
como el Rayleigh o el continuo de gas, debido a las condiciones de mis planetas. Solo necesité
especificar el vector de presiones, los parametros fisicos del planeta como el radio, el semieje mayor,
la temperatura de equilibrio, la gravedad superficial, etc. En mi caso, he seleccionado las moléculas ya

mencionadas y he desarrollado atmdsferas de un tnico elemento.

Una vez tenia los datos del planeta y los modelos, pude aplicar la "cross-correlation". Primero
necesité interpolar los modelos con nuestros datos, ya que los modelos producidos tienen una resolucion
de ~ 1000000 y no estan divididos en 6rdenes, mientras que mis datos tienen una resolucion de
~ 50000. Cuando mis datos y los modelos cuadraron, cree un vector de velocidad radial desde -225
km/s hasta 225 km/s en pasos de 2.7 km/s para introducirlo en la funcién CrosscorrRV del paquete
pyAstronomy y poder realizar el andlisis en el marco de la velocidad radial. Tras esto, apliqué la
"cross-correlation" entre cada orden de los espectros reducidos por SYSREM y los érdenes del modelo,
obteniendo como resultado un mapa de residuos para cada orden. Uni esos mapas en uno solo, para
poder ver la evolucion temporal, a lo largo de la observacion, de la sefial del planeta en un mapa de
residuos tnico. Otros resultados que obtuve fueron los mapas de K, y la CCF, que es una "rodaja" en
2D del mapa de K,, para los parametros del planeta.

Los sistemas que he seleccionado son HAT-P-57 b, KELT-17 b, KELT-21 b, WASP-189 b, para
continuar con el estudio previamente realizado en Stangret et al. [2021], y HD 189733 b, para mostrar

las flaquezas que tiene nuestro andlisis en el caso de planetas un poco mas complejos.

En este trabajo, he hecho una deteccion clara, en el caso de KELT-17 b para la noche del 26-01-
2019, hay una deteccién de 4.80 de FeH, esta deteccién es muy clara y nunca habia sido detectada.
También hay otros caso como una deteccién de agua en HAT-P-57 b, en la noche del 28-06-2019, con
una significancia de 3.60 o una de di6xido de carbono con 4.70, en la noche del y 23-06-2019, que no
he valorado como detecciones completamente debido a la alta incertidumbre de su K, y a pérdidas de
sefial que se sufrieron durante la observacion. Para el resto de planetas o noches, no ha habido ninguna

deteccion.

En general ha sido un trabajo muy satisfactorio y nutritivo en el que no solo he aprendido a
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desarrollar una pipeline capaz de realizar este tipo de anélisis y a analizar estos resultados. Si no que
también he hecho descubrimientos para nada desdefables que podrian ayudar a futuros estudios de

este tipo de planetas.

Abstract

Since the first exoplanet was found, we have tried to discover everything about them. In this work,
we have centred on studying hot and ultra-hot Jupiters atmosphere.

Due to the way they are formed, the main composition of these planets is related to the stellar
atmosphere composition like helium, iron, magnesium, carbon, etc. Mostly metals that dominate the
opacity in the optical range where the main studies have been done. In my case, I am analyzing spectra
form NIR from GIANO-B, looking for complex molecules, H,O, CO, CO,, CH4, HCN and FeH,
using high-resolution transmission espectroscopy.

The two main goals of this work are to adapt a high-resolution cross-correlation spectroscopy
analysis pipeline developed for optical HARPS-N spectroscopy by Dr. M. Stangret to be used with
GIANO-B spectroscopy observed in NIR; and to apply the pipeline to previously unstudied GIANO-B
transmission spectroscopy observations in order to search for signatures of molecules in hot Jupiter
atmospheres.

For achieving these goals, I have developed my pipeline basing on Dr. M. Stangret’s previous work
and improving it for my wavelength range of study. I received my data calibrated in wavelength and
with all the important parameters already calculated from my collaborators, Mario Basilicatta and
Paolo Giacobbe. After this, I selected the useful orders basing on the information they sent me and
the absorption bands from our atmosphere. Once the orders were selected, I removed the outliers and
normalised the data. When the data was prepared, I used SYSREM method to remove systematics,
instrumental and electronic, telluric contamination and stellar signal, in order to have the signal from
the planet free from other sources.

The atmosphere models used in this work was created by me using petitRADTRANS, using each
planet’s characteristics. I created atmosphere models of just one element avoiding deeper analysis due
to the conditions of UHJs atmospheres.

Once I have the models and the planet data, I could apply the cross-correlation method, which
correlates the signal from the planet with the models. This produced three different results: residuals,
K, map and the CCF, which are used for the analysis.

The analysed planets are HAT-P-57 b, KELT-17 b, KELT-21 b, WASP-189 b and HD 189733 b. I
had a clear detection for the night 2019-01-26 of KELT-17 b where I found FeH with a significance of
~ 4.80, then for both nights , 2019-06-28 and 2019-06-23, from HAT-P-57 b I found water but with a
low significance of ~ 3.60 and CO, with ~ 4.70, but I cannot claim them as detections due to the
uncertainty of this planet’s K, and some losses of signal during the observation. For the res of the
planets nothing was found.

In general, this work achieved its goals and even exceeded them, as we expected to get non-

detections but obtained some positive discoveries that open the door for future studies.
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1. Introduction

1.1. History of exoplanets

Since the dawn of science, human beings have pictured other planets and civilizations, and now we

have enough information to know the different kinds of planets that we can find in outer space.

Exoplanet Types

Terrestrial

Earth-sized or smaller, mostly
made of rock and metal. Some
could possess oceans or
atmospheres and perhaps
other signs of habitability.

Neptune-Like

Similar in size to our own

Neptune and Uranus, with hydrogen

or helium-dominated atmospheres.
“Mini-Neptunes,” not found in our
solar system, are smaller than Neptune
but larger than Earth.

Super-Earth

Typically “terrestrial,”" or

rocky, and more massive
Gas Giants v than Earth but lighter than
The size of Saturn or Jupiter, or much A . - 4 Neptune. They might or
larger. They include “hot Jupiters"- scorching s might not have atmospheres.
planets in close orbits around their stars.

Figure 1: Illustration of the different main types of planets known at the time of writing NASA.

As shown in Fig. 1, there are many different kinds of worlds. We initially thought the normal
distribution for planets in a planetary system was the solar system’s. The system was formed from a
gas and dust cloud which collapses into a planetary disk. The rocky and small planets should be closer
to the star, due to the absence of ice and the small size of the feeding zone that causes the rocky planets
to have smaller cores. The outer parts of the protoplanetary disk, beyond the snow line, should be
occupied by great rocky cores in large feeding zones with plenty of gas and ice and thanks to the size
of their nuclei they could accrete that gas and ice. This theory was based on an observational sample
of our Solar System, being consistent until hot Jupiters were discovered orbiting a main sequence star.
The first one was 51-Pegasi-b (Mayor and Queloz [1995]), officially named Dimidium.

When it was discovered it upended the typical solar system picture we had created. It was a gas
giant planet with a close-in orbit. Its orbit is 10 times closer than Mercury’s one. This was not the first
time that someone postulated this theory, in 1952 Struve [Struve, 1952] proposed new methods to study
radial velocities, and in that proposal, he mentioned the possibility of the existence of Jupiter-size
planets orbiting close to their star as an explanation for the loss of angular momentum in some studied
stars. However, it was not completely confirmed until the discovery of the first exoplanet.

Thanks to this discovery, we established the limits that help us to classify exoplanets. A planet
will be taken as a hot Jupiter if its mass is at least 0.25M; and its orbital period is shorter than 10 days,
which means a very close-in orbit and, consequently, a high equilibrium temperature, normally over

800 K. Nowadays, another kind of planet is distinguished, the ultra-hot Jupiters, they have the same
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mass limit but their period is lower than a day or they are orbiting a hot star, which is traduced in a
equilobrium temperature over 2000 K.

As mentioned before, since 1952, there were ideas about how to attack the problem of planet
detection and radial velocity calculation, these ideas were based on the eclipses. While a planet is in a
co-planar orbit concerning its star, it could incline respect to us, so if we want to detect a planet, we
should observe the evolution of the lightcurve of a star looking for a change in depth. For that, we

need the inclination of the orbit to be near 90°.

Star plus planet dayside

— \

Eclipse

Star aIune7\

Transit Star plus planet nightside

Star minus planet shadow 7

Figure 2: Variation of flux observed from a star over the phase of a transiting exoplanet, including
the primary transit and the secondary eclipse. Diagram from ESA.

As shown in Fig. 2, the planet will overshadow the star, so we are going to detect a loss of signal in
the star’s lightcurve, which is represented at the bottom of the image. If we follow this reasoning, it is
easy to realise that the bigger and closer the planet is to the star, the easier we will notice its existence.
It is for that reason that the first ever discovered exoplanet was a hot Jupiter, they are the most likely to
be detected.

1.2. Hot Jupiter Formation

Once the typical picture of a planetary system was completely erased due to the existence of these
planets, we tried to find an explanation for their existence and formation.

There are three main theories (Dawson and Johnson [2018]). In situ, formation, which depends on
two main mechanisms proposed for giant planet formation; the gravitational instability near the star,
which is not plausible due to the high temperature that the gas reaches close to the star, in the accretion
disk, would unbind the gas from the star (Rafikov [2005]); and the Core accretion, this is not feasible
due to the high mass of solids the core has to reach (Rafikov [2006]).

2
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Gas disk migration, which means that the torques from the protoplanetary disk can shrink a giant
planet’s semi-major axis from several astronomical units to hundredths of an astronomical unit, is
caused by an exchange of angular momentum between the planet and the disk in which the planet
perturbs nearby gas onto horseshoe orbits and deflecting more distant gas. There are two different
types of migrations, nevertheless, the one that is of interest is the type II migration, which happens
when a planet is massive enough to open a gap in the disk by deflecting it.

High-eccentricity tidal migration, unlike the gas disk migration, is based on a two-step process, the
first step consists of a perturber extracting orbital angular momentum from the Jupiter by perturbing
the Jupiter onto a highly elliptical orbit, and the second step in which the Jupiter tidally dissipates its

orbital energy through interactions with the central star.

Ex situ formation

Disk Eccentricity

. disappears . excitation
}  — —_—

l Disk
. migration
In situ gratio
formation
Disk disappears

Figure 3: Dawson and Johnson [2018] Schematic summary of the three theories of hot Jupiter
formation.

1.3. Hot Jupiter atmospheres

As you can see in Fig. 3, all of these theories drive us to the same point, a violent environment
inside the planet. Normally, the atmospheres of hot Jupiters are completely affected by strong incident
radiation, large horizontal temperature contrasts, species in the ionic, atomic, molecular, and condensate
phases, and fast winds that approach or exceed the speed of sound [Fortney et al., 2021]. All of these,
are caused by the proximity to the host star. On the other hand, their proximity causes a short orbital
period that allows us to characterise them in a complete orbital phase.

Due to these hostile conditions, it is unlikely that we can find molecules in their atmospheres. The
most normal elements found in the hottest hot Jupiters’ characterisation are Fe, He, K, and Na in the
optical range due to the opacity dominance they have in this range, like in a typical M-type or late
K-type star. However, some molecular bands could be found in different scenarios, bands like VO and
TiO. Nowadays, studies done in the NIR have found that the dominant carbon carrier in hot Jupiter is
CO, in the case of nitrogen is Ny, and oxygen is only found in CO and H5O. Other molecules that can
be found but are more related to kinetic chemistry are HCN, C;Hs and O,. [Fortney et al., 2021].

Using this chemical information and the easiness that we have while studying these planets due

to the shot orbital period and their atmosphere properties, hot Jupiters were the first planets to be
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characterised using transmission spectroscopy.

1.4. High-resolution transmission spectroscopy

Since we have know the existence of exoplanets we have wanted to open the door of studying their
atmospheres. In the early 2000s, we made the first step in this in studies like Charbonneau et al. [2002],
Brown [2001a], and Seager and Sasselov [2000] where we were able to study them using transmission
spectroscopy. Which is based on the imprint that the planet terminators leave in the stellar signal when
the starlight passes through the planet during the transit.

a. b.
D

S —

Figure 4: Brown [2001b] Scheme of the sources of transmission that come to the observer during a
transit. Direct signal from the star (D), thermal radiation from the planet (T) and scattered signal

(S).

These first studies were made using low-resolution transmission spectroscopy, in Brown [2001a]
they had a resolution of R = 5540, they only could look for wide bands like sodium bands.

It was not until 2010 with Snellen et al. [2010] that we got a suitable method that could carry us to
studying them with high-resolution spectroscopy, until that moment we were only able to study them
using low-resolution transmission spectroscopy.

In that paper, they introduce a method based on the cross-correlation of the signal obtained from the
planet transmission and the theoretical transmission model of the different molecules they studied, but
this is not that easy. First of all, not all planets can be studied with this method, but we need to know
the host star’s radial velocity and then, mass and radius, if we know all of this we can calculate the

planet’s parameters (the period, the systemic velocity, the orbital phase value in which transit happens

4
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and the radial velocity semi-amplitude). Once we detect the transit and apply photometric analysis to

get all the system parameters, we can use the target for this high-resolution method.

After observing a transit, not all the spectra are useful, as explained in Fig. 2, if we need the
transmission spectrum of the planet we can only analyse the frames where the planet’s signal is
overlapped with the star signal. In that way, we get the starlight filtered by the atmosphere of the planet

which leaves an imprint of the molecules that form it.

While applying this method for the first time, Snellen et al. [2010] observe that one of the most
important parts is to be careful about the Earth’s atmosphere. Due to its composition and the clouds,
the telluric contamination of the Earth is so strong that if you do not remove it with a good method
you may remove the planet’s signal. If not, the residuals of the cross-correlation will be completely
dominated by telluric contamination. They solved this during the normalisation process by using
telluric models and subtracting it from the spectra, they still found some traces of telluric contamination
in the residuals so they removed these remaining residuals by fitting the variation in each pixel to the
residuals determined in a strong water and a strong methane line. Thereafter, remaining low-frequency
variations were removed by fitting a second-order polynomial to each spectrum. In addition, each pixel
value was divided by its standard deviation over time. This last step reduces the influence of noisy

parts of the spectra on the cross-correlation signal.

Thanks to this method several discoveries have been made, in Snellen et al. [2010] they discovered
traces of CO in HD 209458 b, a hot Jupiter, using CRIRES, not the most important but the first one.
Other important discoveries using this method are the one mentioned in Birkby et al. [2013] where
they made a detection of water with a significance of 4.80 which increased until 5.10 when including
COs in the template, this detection is important because it is the first time that complex molecules
were detected using ground-based telescopes even in highly telluric contaminated regions of the Earth
and the detection of HyO in 51 Peg b Mayor and Queloz [1995], another hot Jupiter, again using
CRIRES, the significance of this detection is 5.60 and no carbon-bearing molecules were detected, the

importance of this arise from the detection of water in the first ever detected exoplanet.

After mentioning the most important detection thanks to cross-correlation I have to name the
detections related to my work. These detections are the mentioned in Stangret et al. [2020], Stangret
et al. [2021] and Stangret et al. [2022]. Each of these scholarly articles employs the specified method
to investigate the atmosphere of ultra-hot Jupiters. The relevance of these studies to my work lies in
the algorithm they use and how they process the data, both of which are grounded in the foundational
code used in these papers. Some differences are going to be shown in Sect. 3, like the range of work,
I am looking at NIR; in those works, they were working on visible range and the resolution of the
instruments, they worked with HARPS-N, HARPS-S and EXPRESSO which have a resolution of
R 85000 — 100000: Higher than the one I have in GIANO-B and the last difference is that they were

taking in account the Rossiter-MachLaughlin effect, which I decided not to include into my analysis.

That is why my data treatment had to be stronger than what they did in their works, to avoid all the
noise my atmosphere provokes in the NIR and the problems that GIANO-B has, which are mentioned

in Sect. 3.

Apart from the similarities between my work and theirs, they get some different results in each

5
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case, in Stangret et al. [2020] they looked for Fe I and Fe Il in the visible range on MASCARA-2 b,
they found clear evidence of the presence of Iron in that atmosphere with a combined significance of
10.5 £+ 0.4 for Fel and 8.6 &+ 0.5 for FeII; in Stangret et al. [2022] they found nothing due to the
high surface gravity of MASCARA-5 b and in Stangret et al. [2021], which is the most related paper
to my work due to the planets they studied, they found Fel with a significance of 5.10, Fe Il with
5.40 and Til with 4.20 in WASP-189 b, for the other 5 planets, KELT-7 b, KELT-17 b, KELT-21 b,
HAT-P-57 b, and MASCARA-1 b, they did not find anything due to high surface gravity and the high
brightness of the host star. My work centres on studying these planets to check if the behaviour of their
atmospheres keeps in the NIR. This last paper is the most important for us, due to is the one I took as a
first approach to apply cross-correlation using GIANO-B data and my idea is to review the results for
the same planets as they did but in the NIR.

Other method to analyse High-Resolution Spectra, is single line’s fitting, applied in Casasayas-
Barris et al. [2017] and Casasayas-Barris et al. [2020]. Our work is related to this one due to the
original code was thought to be applied for these methods, after that in Stangret et al. [2020], Stangret
et al. [2021] and Stangret et al. [2022] they took the reduction part of the original code to imply it in

the cross-correlation process and I took this and improve it to be applicable for NIR data.

1.5. GIANO-B

GIANO-B is a near-infrared echelle spectrograph that is mounted in the TNG (Telescopio Nazionale
Galileo), an altazimuth telescope with a Ritche-Chretien optical configuration and a flat tertiary mirror
feeding two opposite Nasmyth foci.

One of the main strengths of the TNG is the Active Optics systems, providing real-time low-
frequency corrections to ensure the best optical performances to compensate for the deformations of
the primary mirror. This system works by using two Shack-Hartman wavefront sensors to measure
wavefront deformations using an off-axis star. This data helps me correct the optical surface of the
primary mirror and the positions of the secondary and tertiary mirrors.

TNG is equipped with SiFAP2, HARPS-N, Nics, Dolores, and GIANO-B, the last one is the one
which I have worked with.

GIANO-B has an optical design based on three mirrors anastigmat combination used in a double-
pass, they have the same effect as a collimator and a camera. The dispersing element is an echelle
grating working at a fixed position in a quasi-Littrow configuration with an off-axis angle along the slit
of 5. It also has a cross-disperser consisting of a system of prisms from high-dispersing IR optical
materials. It includes a two-mirror system that re-images the slit far from any problematic element due
to the entrance image of this system lying close to the detector. (Oliva et al. [2012])

This spectrograph works at a resolution of 50000, covering a spectral range from 0.9 pym to 2.45 ym
in a single exposure. The components that make possible this are a cold slit with on-sky dimensions of
6”7 x 0.5”, located inside the spectrograph’s cryogenic dewar; the HAWAII-2 2048 x 2048 array, which
has a pixel scale of 18 um, 0.25” on the sky, a readout noise of 5 e~ /px, a gain of 2.2e~ /ADU, a Dark
current of 0.05 e~ /s/px and a resolution element of 2 px for 0.5” slit; the auto guider, mechanically

coupled with the spectrograph dewar.



Pedro Pablo Meni Gallardo University of La Laguna

These features open a world of possibilities, as seen in GIANO Whitebook and in Oliva et al.
[2012], like observation of rocky exoplanets, due to the capability of GIANO-B to measure a large
number of NIR features at high resolution; low mass stars and brown dwarves observations due to the
broad continuum spectral coverage in the NIR that GIANO-B provide; analysing star-forming regions
by studying the velocity structure of the usual emission lines of these regions to obtain information on
accretion/ejection mechanism and on the activity of low mass young stars out from the MS; analysing
cold stellar atmospheres, the combination of high spectral resolution and broadspectral coverage make
me able to obtain abundances of atomic species, to measure magnetic fields and mass loss activity of
cold stars; studying extragalactic stellar clusters, as GIANO-B gives me NIR integrated spectra pf
stellar clusters of the Local Group and beyond, this allows me to calculate their chemical composition
and dynamical mass and study the star formation history and chemical enrichment of the host galaxy;
estimating the Initial Mass Function (IMF) in starburst by resolving the width of absorption and
emission lines in dust embedded Super Star Clusters I can constrain their dynamical mass and IMF;
look into damped Lyman alpha systems, GIANO-B allow me to establish the metallicity of high
redshift systems by appraising the the equivalent width of the associated absorption by variome atomic
lines, which are shifted into the NIR.

Despite all these good characteristics, there are some problems with GIANO-B. Some of the
spectral orders are problematic, I should discard the bluest and the reddest orders, these are due to
overlapping signals, instabilities, and loss of signal. However, there are other risky orders due to hot
and cold pixels, the way I dealt with these orders and how I discarded the orders will be explained in
the methodology Sect. (3).

2. Objectives

The objectives of my work were to learn how exoplanet atmospheres can be studied using high-
resolution cross-correlation spectroscopy, how to model theoretical spectra of planets, to create my own
data reduction and cross-correlation pipeline for NIR spectra observed with the GIANO-B instrument,
and, finally, to use the pipeline to study the atmospheres of a selection of hot Jupiters observed with
GIANO-B.

The objectives can be divided into two main work packages (WPs), that were:

1. to adapt a high-resolution cross-correlation spectroscopy analysis pipeline developed for optical
HARPS-N spectroscopy by Dr. M. Stangret [Stangret et al., 2020, 2021, 2022] to be used with
GIANO-B spectroscopy observed in NIR; and

2. to apply the pipeline to previously unstudied GIANO-B transmission spectroscopy observations

in order to search for signatures of molecules in hot Jupiter atmospheres.

The first WP required me to learn the steps for cross-correlation transmission spectroscopy, develop
my programming skills, understand both optical HARPS-N and NIR GIANO-B spectroscopy data,
and learn the different kinds of systematics that can affect the observations. The original HARPS-N
pipeline was written in Python as Jupyter notebooks. I first had to understand how the HARPS-N
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pipeline works and how to use all the Python packages (numpy, scipy, astropy, etc.) which were used
by the pipeline. After this, I had to learn how the GIANO-B spectroscopy differed from the HARPS-N
data so that I could adapt the pipeline. Finally, I had to modify the pipeline to work with GIANO-B
data. This was a significant amount of work because the HARPS and GIANO-B data were different
and required many of the reduction and analysis steps to be changed.

The second WP was all about science. I needed to learn what molecules we can expect to find
in hot Jupiter atmospheres, how to create theoretical model spectra for cross-correlation, and how
to interpret the results from my GIANO-B cross-correlation pipeline. Here, I studied four out of six
planets studied by Stangret et al. [2021]: HAT-P-57 b, KELT-17 b, KELT-21 b and WASP-189 b.
Stangret et al. [2021] studied the planets in optical using HARPS-N, and I wanted to see what I could
find using NIR spectra obtained with GIANO-B. In addition to the four planets, I also tried to analyse
and characterise HD 189733 b. This planet is hard to study as shown in Brogi et al. [2016] due to a
strong Rossiter—McLaughlin effect (an effect I am not including in my analysis), and vertical winds,

but I include the analysis here to compare the difficulties and differences I found during its analysis.

3. Methods

The methodology I followed for this project is based on that discussed in Sect. 1.4, Birkby et al.
[2013, 2017] and Stangret et al. [2021]. First, I created the atmosphere models using Molliere et al.
[2019] and taking into account the ultra-hot and hot Jupiters theory introduced in Sect. 1.2 . After
that, I reduced the data and I made the data treatment in order to improve the quality of my results.
Additionally, I used SYSREM to remove systematics from my data. And then I applied cross-correlation,
for what I needed the planet data already reduced and the models I created.

The original data I used was reduced and calibrated by the Italian group from INAF, mainly by
Mario Basilicata, using GOFIO and GUIBRUSH, developed by Paolo Giacobbe.

3.1. Atmosphere modelling

I created my atmosphere models using petitRADTRANS [Molliere et al., 2019]. The package
takes a molecule template and the planet’s atmospheric and physical parameters, to model the planet’s
atmosphere. The model is returned as two arrays, one for the wavelength and the other for the planet’s
radius as a function of wavelength.

In my case, I modelled atmospheres made of H,O, CO, CO,, CH4, HCN and FeH, which are the
most commonly found molecules in the NIR. Additionally, as I have access to ExoAtmospheres, IAC
community database for exoplanet atmospheric observations, I have determined which are the most
probable species that could produce a positive result during my analysis.

For each molecule for each planet, I created a model, Figs. 5 and 6 based on the tutorial of
petitRADTRANS using the equilibrium temperature of each planet and taking solar abundances
[Asplund et al., 2009] for each molecule.

For the first part, I use the RADTRANS package to get the high-resolution template of each

molecule, I define my pressure array from —10 to 2. After this, I chose the molecule I wanted
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to generate the template for, I ignored the the parameters of rayleigh species and gas continuum
contributors because their contribution is negligible on these planets. I defined a broader wavelength
range for the model than the data’s range due to the cross-correlation process requirements. The model
made has a resolution of 1000000.

After establishing this, I have to set the planetary parameters for each planet. Parameters like the
planet’s radius, mass, gravity, temperature and the mass fraction of each molecule. So the target must

be well-known.
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Figure 5: Model of a water-based, CO-based and CO»-based atmospheres for HAT-P-57 b created
using petitRADTRANS.
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Figure 6: Model of a methane-based, HCN-based, and FeH-based atmosphere for HAT-P-57 b
created using petitRADTRANS.
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3.2. Cross correlation pipeline
3.2.1. Overview

My GIANO-B reduction and cross-correlation pipeline is based on Dr. M. Stangret’s HARPS-N
pipeline. It is written in Python as Jupyter Notebooks and considers the steps of order selection, removal

of bad pixels, spectrum normalisation, systematic correction with SYSREM, and cross-correlation.

3.2.2. Data

The input data for my pipeline consists of a spectroscopic time series stored as a 3D array with
a shape (order, exposure, wavelength) and additional information such as the orbital phase for each
exposure. The data cube is produced from the raw exposures by my collaborators using the nodding
ABAB configuration, allowing an optimal subtraction of the detector noise and background. GOFIO
was used as a data reduction pipeline developed for GIANO-B, introduced in Rainer et al. [2018].

In this case, the offline version was used, it allows the user to work on an already completed night.
The main features of GOFIO are the possibility of allowing to extract optimally the signals A and B
from each nodding pair, flat corrected, with a signal-to-noise ratio for each pixel of each spectrum and
it also provides a preliminary wavelength calibration calculated with lamps of U-Ne. This is not good
enough to be the definitive calibration, GUIbrush code is used (Not the Monkey Island one), a GUI
interface developed by Paolo Giacobbe and Francesco Amadori. GUIbrush is made of many codes, in
our case we are only using four of them to re-calibrate the wavelength solution.

The first code extracts data and useful header information from the reduced data (e.g. airmass,
SNR, etc); plots the SNR as shown in Fig. 7; organises the data as a cube (i.e. 50 Spectral Orders x
52 frames x 2048 px); and produces a file with the wavelength solution provided by GOFIO (i.e. a
matrix of 50 Spectral Orders x 2048 px).

SNR vs Time 19-01-2018

SNR

M)D [days]

Figure 7: Dawson and Johnson [2018] Example of the SNR plot generated by GOFIO. This
belongs to WASP127-b.
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The second code computes the planetary orbital phase associated with each frame and the Earth
barycentric correction, for I need the planetary system’s parameters(i.e. the transit epoch, the period,
the systemic velocity, the orbital phase value in which transit happens and the radial velocity semi-
amplitude) for the cross-correlation analysis.

The third code aligns each spectra of a single spectral order to the mean spectrum (in that order)
and repeats this procedure for each order, this is necessary due to the drift of the spectra on the
GIANO-B detector. The produced file contains the cube of the aligned spectra which will be used for
the cross-correlation function analysis. It also creates a file made from 50 plots, in which I can see the
drift of each spectrum, Fig. 8, for each spectral order, concerning the mean spectrum.

The fourth code, repeats the wavelength calibration in a more precise way (using a template of the
telluric lines) and produces a file with the refined wavelength solution, which will be used to compute
the CCFs.

3.2.3. Selection of orders

The cross-correlation analysis begins with the removal of bad spectroscopy orders. These prob-
lematic orders appear due to GIANO-B’s problems mentioned in Sect.1.5. I identified them thanks to
images like Figs. 8 and 7.

After the pipeline shows the "raw" data, I checked it as in Fig. 9, where I can detect these
problematic orders, frames, or pixels. With the information provided by Figs. 8 and 7, I made an initial
selection. The result of this selection is shown in Fig. 10. Once I made the initial selection, I removed

the orders saturated by telluric absorption.

3.2.4. Removal of hot and cold pixels

Removing bad orders is an important first step, but some orders still have hot and cold pixels. As
the next step, the pipeline identifies hot and cold pixels and replaces them with the median value of the
neighbouring pixels. The choice of a median filter over a polynomial fitting, used by Dr. M. Stangret,
is based on the extremely high values that some hot pixels reached which made impossible the
performance of a polynomial fitting.

The pipeline first removes the running median from a spectrum and then identifies the outliers based
on the scatter of the residuals. Points deviating more than 5 o are considered outliers and values below
1 are considered cold pixels. I used this last criterion to avoid instabilities when the normalisation
algorithm is applied. These instabilities are created due to the flat correction process that the Italian
group makes. Instead of dividing the raw data by the flat combined during the first reduction process,

they subtract it, which causes extra-cold pixels, below -40, to appear.

3.2.5. Spectrum normalisation

After removing outliers, the pipeline normalises the data by splitting each order into 50 parts and

taking the 50 highest values of each division. With these values, it creates a polynomial that fits them

13



Pedro Pablo Meni Gallardo

University of La Laguna

Interpolated Shift from mean reference spectrum VS number of the image

+ A
—— trendA = 0.004179
B
041 trendB = -0.003959
+
0.2 4
T +
= * +
2 0.0 + + . * *
£ +
& + +
-
_0 2 .
+
+
+
—0.4 7
+
+ + +
+ +
T T T T T T
0 10 20 30 40 50
Image [#]
Interpolated Shift from mean reference spectrum VS number of the image
0.2 + A
—— trendA = -0.007212
B
trendB = -0.005438
0.1
0.0 4
T
X
2 -01
&
£
wl
_02 -
_03 .
=0.4 +

20 30 40 50
Image [#]

Figure 8: Example of the drift plot generated by GOFIO. The spectra belonging to the nodding
positions A and B are plotted with two different colours to see differences in the drift of spectra
taken in the two nodding positions. If the observation for an order is good (image 2), the drift of
each order should be parallel between A and B, and well defined, if not (image 2), the points spread

all over and the data turns bad.
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Figure 9: First complete raw spectrum of WASP127-b. Each colour represents a different order.
An outlier could be seen in the middle of the spectrum and also in the saturated telluric bands.

Spectrum 1

ul

1000 1200 1400 1600 1800 2000 2200 2400
Alnm]

1600

1400

1200

1000

800

Flux

600

400 -

200 -

0_

Figure 10: Same spectrum as in Fig. 9, with the problematic orders removed. Here, the order with
the outlier was removed and the saturated orders were also removed.
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with the wavelength. After this, the pipeline divides each order by each polynomial fit to produce a

normalised spectrum with long-term trends removed.

3.2.6. Removal of systematics with SYSREM

Once the spectra are well-reduced, the pipeline applies SYSREM to correct systematic errors.
Systematic errors are induced by sources that produce noise correlated in time but can be independent of
wavelength. Normally, due to instrument calibration, sensitivity, and precision. However, systematics
in astrophysics are not limited to instrument-induced errors; they can also arise from various other
sources. For example, in my work, the telluric contamination and the stellar signal are considered
systematic effects. My goal is to identify, understand, and minimise these errors to ensure the accuracy
and reliability of my results.

As it is impossible to prevent observations from systematics, I used SYSREM to improve the
quality of my data. I chose SYSREM over other methods to remove the systematic effects, telluric
contamination, and stellar signal, due to the simplicity of this algorithm which allows me to correct my
normalised data without any prior knowledge of the underlying cause.

SYSREM, is an algorithm based on Principle Component Analysis (PCA) but also allows for
unequal error bars per data point, and it was released on Tamuz et al. [2005].

For the application of this algorithm, I based it on previous studies like Birkby et al. [2013, 2017].
The functioning of this process is explained in Sect. 2.3 of those papers. As expected, I also based on
Stangret et al. [2020, 2021, 2022] and how they apply this algorithm.

This code was created for ground-based wide-field transit surveys to correct systematic effects
common to all light curves [Collier Cameron et al., 2006]. However, they discovered its utility in
removing telluric contamination and the star signal from the in-transit data frames due to the stationary
signal that both caused during the observations. You may think that the planet’s signal should also be
stationary, but the spectral fingerprint of the planetary atmosphere tilts due to its velocity, so it is not
removed.

This step should be the last before applying the cross-correlation to facilitate SYSREM’s work. The
first systematic component removed by SYSREM is related to the airmass, and then it scales iteration
by iteration. Normally, 8/9 iterations are enough for planetary atmosphere analysis but to have a broad
catalogue of results to reach high SNR in the planet’s signal, I ran 15 iterations and took only the

highest SNR to provide the best possible result.

3.2.7. Cross-correlation

For cross-correlation, an atmosphere model and a well-reduced dataset are needed. Once I had it,
the first thing I needed was to make the atmosphere model fit the format of our data as I told in Sect.
3.1. The resolution of the produced model is much higher than our data resolution and is not divided
by orders. Due to this, I need to interpolate the model with the wavelength array to obtain the model
divided into orders that can be introduced in the CCF, Fig. 11. After the interpolation, I normalised the

model with the same method I used for my data to improve the efficiency of our CCF.
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Figure 11: H2O model created with petitRADTRANS cut in order to make it fit with our data.

After this, I loaded my SYSREM results, the highest SNR iteration, and defined an RV array based
on Brogi et al. [2018], from —225 to 225 km /s with steps of 2.7 km /s calculated from the technical
capabilities of GIANO-B, to use it with the pyAstronomy package crosscorrRV.

The result is a residual map of each order of each spectral frame, Fig. 12, where nothing can
be seen separately. However, if they are summed some traces of the molecule along the time of the

observation can be seen and I obtain a residual map of the whole observation.
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Figure 12: Residual map obtained after applying CCF to HAT-P-57 b data with HoO model.
second-K, map obtained after applying CCF to HAT-P-57 b with HoO model.

After that, I defined the spectral frames that are in-transit and out-of-transit, to get the result in
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terms of SNR. Plotted it in a K, map, Fig. 12. Here is where the detection must be clear.

4. Studied systems

I have chosen five different planets for analysis: 4 UHJs and 1 HJ. They are HAT-P-57 b, KELT-17 b,
KELT-21 b, and WASP-189 b, mentioned in Sect. 2. I chose them due to my interest in continuing the
work done by Dr. Stangret [Stangret et al., 2021] where they studied these planets in optical. I have
also chosen HD 189733 b, a hot Jupiter, to show how different the results could be due to the hostile

atmospheric conditions that these planets suffer due to their composition and proximity to the host star,
i.e. for HD 189733 b it has strong vertical winds as discussed in Brogi et al. [2016].

Table 1: Stellar parameters.

Main identifiers HAT-P-57 KELT-17 KELT-21
Equatorial Coordinates

RA (J2000) 18:18:58.4 08:22:28.0 20:19:12.0
Dec (J2000) +10:35:50.1 +13:44:07.0 +32:34:52.0
Stellar Parameters

Spectral Type A8V A A8V

M. [Mgp] 1.47+£0.12 1.635 £ 0.060 1.458 £+ 0.028
R«[Ro) 1.50 £ 0.05 1.645 4+ 0.055 1.638 £ 0.034
Ks[m/s] < 215.2 131 £ 34 < 399.6
logg|dex] 4.251 £ 0.018 4.220 £ 0.023 4.173 £0.014
Torr [K] 7500 % 250 7454 £ 49 7598 £ 8
Main identifiers WASP-189 HD 189733

Equatorial Coordinates

RA (J2000) 15:02:44.9 20:00:43.0

Dec (J2000) -03:01:52.9 +22:42:39.0

Stellar Parameters

Spectral Type A6IV-V K1-K2

My [Mg] 2.030 £ 0.066 0.828 £ 0.028

R«[Ro) 2.36 £0.03 0.805 £ 0.016

Kq[m/s] 182 +13 204.7+ 2.6

logg[dex] 3.9+£0.2 4.56 £+ 0.03

TerrlK] 7996 + 99 4875+ 43
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Table 2: Planetary parameters.

Main identifiers HAT-P-57 b KELT-17 b KELT-21 b
Orbital Period [days] 2.46529488 3.08017985 3.61276958
To [days] 2457598.49926 2459440.791304 2458881.93965
My, [My] 1.41 £1.52 1.31 £0.28 < 3.91

Ry [RJ] 1.413 £ 0.054 1.525 £ 0.062 1.586 + 0.039
i[°] 88.26 + 0.85 84.87 + 0.44 86.46 + 0.36
Vays [km/s] 9.6 28.0 ~13.0

Th4 [hours] 3.499 3.475 4.105

a [AU] 0.0406 4+ 0.0011 0.04881 £ 0.00063 0.05224 + 0.00034
Kp [km/s] 235 + 254 171 4+ 37 156 & 72

Teq [K] 2200 £+ 76 2087 £ 32 2051 + 29
Main identifiers ‘WASP-189 b HD 189733 b

Orbital Period [days] 2.7240308 2.218574944

To [days] 2456706.4566 2456194.067619

My [M,] 1.99 +0.15 1.130 + 0.046

Ry [Ry] 1.619 + 0.021 1.142 4 0.035

i[°] 84.03 4+ 0.14 85.27 +0.23

Vays [km/s] —24.465 ~2.204

T4 [hours] 4.3336 1.8264

a [AU] 0.05053 £ 0.00098 0.031

Kp [km/s] 195 4 21 15749

Teq [K] 3353 £ 31 1220 + 13

The references for each system are:

1.

HAT-P-57/HAT-P-57 b: OP and T, from Kokori et al. [2023]; RA, Dec, M., R., K, logg, Teg,
Rp1, 1, T, a, and T¢q from Hartman et al. [2015]; M, from Jiang et al. [2023]; Kp derived
from Stassun et al. [2017]; Vg from Prusti et al. [2016], Brown et al. [2018], Cropper et al.
[2018] and Katz et al. [2019]

. KELT-17/KELT-17 b: OP and T, from Kokori et al. [2023]; RA, Dec, M,, R., K, logs, Teg,

Rp1, 1, Tha, a, and Teq, My, and Vg from Zhou et al. [2016]; Kp derived from Stassun et al.
[2017]

. KELT-21/KELT-21 b: OP and T, from Kokori et al. [2023]; RA, Dec, M,, R, K, logg, Teg,

Rp1, 1, Tha, a, and Teq, My, and Vs from Johnson et al. [2018]; Kp derived from Stassun et al.
[2017]

. WASP-189/WASP-189 b: OP from Ivshina and Winn [2022]; T, from Kokori et al. [2023]; RA,

Dec, M., R,, K, log,, Teg, Ry, 1, Tha, a, and Teq from Lendl et al. [2020]; Kp derived from
Stassun et al. [2017]

. HD 189733/HD 189733 b: OP, Ty and i from Kokori et al. [2023]; RA, Dec, R, log,, Teg,

Ry, My, T, a, and T from Addison et al. [2019]; M, from Rosenthal et al. [2021]; K from
Paredes et al. [2021]; K p derived from Stassun et al. [2017]
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5. Results

In this section, I only show the most important results in order to avoid overloading the thesis with
images with the same information. For all of the planets, we have studied H,O, CO, CO,, CHy, HCN

and FeH, mentioned in Sect. 3.1.

5.1. Detections
5.1.1. HAT-P-57b

For this UHJ, I had data from two nights, 2019-06-28 and 2019-06-23. For the first night, I had
68 spectral frames distributed as seen in Fig. 13. I used only 17 out of 50 possible orders and the 5"
iteration of SYSREM. I found a signal of ~ 3.60 for water which you can see in Fig. 14, that will be

discussed later.
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Figure 13: Diagram showing the orbital phase of HAT-P-57 b on 2019-06-28. Each dot represents
a single spectral frame so this diagram shows the evolution in time of the planet’s position. The
black dashed lines represent the moments when the planets began and ended the transit, T and
T,. The grey dashed lines show the moments when the planet’s surface is completely inside and
outside the star’s surface, T2 and T'3. The black points are the out-of-transit frames, the red ones
are the beginning and end of the transit and the purple dots represent the in-transit frames.
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Figure 14: Results of the HAT-P-57 b on 2019-06-28 night analysis showing a possible detection
of water. Top) the residual map obtained from the cross-correlation. The tilted dashed red line
represents the molecule fingerprint evolution during the observation, and the horizontal dashed
red lines represent the different phases of the transit, the first line is T so the next scales to Ts.
Middle) the Kp map which shows the distribution of the cross-correlated signal in terms of the
semi-amplitude velocity, the systematic velocity and the SNR. The vertical dashed lines are centred
in zero due to the reference frame being on the planet and the horizontal line marks the planet’s Kp.
Bottom) the "slice" of the CCF that belongs to the Kp of the planet. The black line is the signal
detected after applying cross-correlation and the grey contour is limited to | 3 | o, which is our
initial detection criterion.
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For the second night, I had 74 spectral frames distributed as seen in Fig. 15. I used 17 for the
analysis. The highest SNR iteration is the 6'" one. As a first result, I found a possible detection of CO,

with a significance of ~ 4.70, Fig. 16. This case is going to be discussed in Sect. 6.
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Figure 15: Phase diagram for 2019-06-23 night of HAT-P-57 b.
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Figure 16: Result of the HAT-P-57 b’s 2019-06-23 night analysis showing a possible detection of
of COs.
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5.1.2. KELT-17 b.2019-01-26

For this night, I had 72 spectral frames distributed as seen in Fig. 17. T used 31 orders and the 10"

iteration of SYSREM. I detected a clear signal of FeH of ~ 4.80 shown in Fig. 18.
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Figure 17: Phase diagram for 2019-01-26 night of KELT-17 b.
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Figure 18: Result of the KELT-17 b’s 2019-01-26 night analysis showing a detection of of FeH.

5.2. Non-Detections
5.2.1. KELT-17 b. 2019-01-23

For this night I had 78 spectral frames distributed as seen in Fig. 19. T used 26 orders and the 6"
iteration of SYSREM. I did not detect anything for any molecule, Fig. 20. This is the only non-detection
image that I am showing to not overload the text with non-detection images which show the same

information.
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Figure 19: Phase diagram for 2019-01-23 night of KELT-17 b.
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Figure 20: Result of the KELT-17 b’s 2019-01-23 night analysis in the case of CO.
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5.2.2. KELT-21b

For this ultra-hot Jupiter, I only had a night, 2019-08-12, with 78 spectral frames with a phase
evolution as shown in Fig. 21. T used 16 orders and the 9*" iteration of SYSREM. In this case, I did not

find anything for any molecule.
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Figure 21: Phase diagram for 2019-08-12 night of KELT-21 b.

5.2.3. WASP-189 b

For this ultra-hot Jupiter, I only had a night, 2019-05-06, with 156 spectral frames with a phase
evolution as shown in Fig. 22. T used 24 orders and the 9*" iteration of SYSREM. In this case, I did not

find anything for any molecule.
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Figure 22: Phase diagram for 2019-05-06 night of WASP-189 b.

5.2.4. HD 189733 b

For this hot Jupiter, I only had a night, 2017-05-30, with 88 spectral frames with a phase evolution
as shown in Fig. 23. I used 24 orders and the 9" iteration of SYSREM. In this case, I did not find

anything for any molecule.
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Figure 23: Phase diagram for 2017-05-30 night of HD 189733 b.

6. Discussion

6.1. Detections

In the case of HAT-P-57 b, I found two strange signals. For the night of 2019-06-28, I found a soft
signal of water with a significance of ~ 3.60. However, I would not take this as a positive result due to
the low significance, I followed the criteria of all the signals being lower than 4.5¢ is not considered
a detection. Additionally, other signals with similar significance appear in my analysis which could
mean a bad data treatment or order selection in this case. If we look at the SNR plot in Fig. 24, the
SNR is too low. For my study, I set the criterion that any signal lower than 60 SNR is not high enough

to claim the signal detected came from the planet.

SNR vs Time 28-06-2019
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Figure 24: Signal-to-noise evolution during the observation on 2019-06-28 night for HAT-P-57 b.

For the 2019-06-23 night for the same planet, I got a clear signal of carbon dioxide of ~ 4.60 as
you can see in Fig. 16, but again for this planet, the SNR is so low ( Fig. 25) that I cannot be sure

about this detection.
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SNR vs Time 23-06-2019
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Figure 25: Signal-to-noise evolution during the observation on 2019-06-23 night for HAT-P-57 b.

For this planet, no detections have been released until the moment I am writing this composition,
even in Stangret et al. [2021] they did not find anything. Another important problem with this planet
is that the uncertainty in the planet’s mass causes a large uncertainty in the planet’s semi-amplitude
velocity, 235 & 254 [km /s], which also makes it challenging to analyse it properly.

Then, I can analyze KELT-17 b, I had two nights but I only had a positive result in 2019-01-26. For
the data taken on 2019-01-23, I did not get any result that could be justified by taking a look at the
SNR plot, again, in Fig. 26 and noticing the loss of signal occurring in the middle of the transit.

SNR vs Time 23-01-2019

MD [days]

Figure 26: Signal-to-noise evolution during the observation on 2019-01-23 night forKETL-17 b.

For KELT-17 b’s second night, 2019-01-26, I had a great detection of iron hydride (FeH) with
a significance of ~ 4.8c as can be seen in Fig. 18. Stangret et al. [2021] did not find anything in

optical, so I cannot claim that the detection is completely reliable, but, due to the clear signal, I can say
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that more observations and studies would be justified to guarantee the existence of FeH in KELT-17
b atmosphere. In this case, the SNR was stable during the night, and no external problems were
mentioned during the observation. The next step should be to analyse other available nights for this

planet to make a combined detection to improve the quality and reduce the uncertainty of the detection.

6.2. Non-detections

Non-detections are what I expected for most of these planets. Since UHJs and HJs are dominated
by metals, as shown in Sect. 1.2 and these are easy to detect in the optical range due to their opacity
dominance in that range.

In the case of KELT-21 b, looking at Stangret et al. [2021], they found nothing for this planet, even
in the optical range, so the prospect for this planet in the NIR was bad, and I did not find anything
there.

Another planet they studied in Stangret et al. [2021] is WASP-189 b, where they found a high-
significance signal for Fe I and Fe II, so I expected to find traces of FeH. However, this planet has
such a high temperature that all the Fe in its atmosphere is completely dissociated. Other expected
molecules were CO detected in Yan et al. [2022] using GIANO-B, too but in that case, they were
observing the secondary transit, which means they had the spectra of the planet’s dayside, so they had
more signal coming from it than me because I studied the primary transit which means all the signal
that I received was just from the starlight that went through the planet terminator. While this difference
is likely the main reason why I have not detected CO, another possible cause is a strong loss of signal

during the observation as seen in Fig. 27 which happened in the middle of the transit.

SNR vs Time 06-05-2019
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Figure 27: Signal-to-noise evolution during the observation on 2019-05-06 night for WASP-189 b.

The result for HD 189733 b is the expected one due to the data treatment I have done. As
mentioned in Brogi et al. [2016] this planet is very affected by strong vertical winds and by the

Rossiter-McLaughlin effect, and in this work, we have avoided this kind of data analysis. It is also
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important to mention that for this planet there were no problems with the SNR during the night. If we
compare my result with Birkby et al. [2013], Cabot et al. [2019], we can see that they detected H,O
on both works and HCN and CO in Dr. Cabot’s work, but using dayside spectra which makes sense
with the disparities in the result. If I compare my results with Changeat et al. [2022], they found water
and CO but they combined observations of the HST G141 grism and the Spitzer Space Telescope,
so the comparison with a ground-based telescope is not fair. In other articles like Alonso-Floriano
et al. [2019], they observed with CARMENES, Boucher et al. [2021], which use data from SPIRou,
Blain et al. [2024], again using CARMENES, and Finnerty et al. [2024], which used Keck data, they
obtained positive results for water, CO and carbon dioxide, but I have to mention that the resolution of
this instruments is much higher that GIANO-B’s one.

7. Conclusions

In this work, I have developed a cross-correlation pipeline GIANO-B, which consists of the data
selection and reduction; normalisation; application of SYSREM and the cross-correlation. I also created
the atmosphere models and analyse the data searching for some complex molecules in UHJs and HJ.

The main scientific results are the detection of FeH in KELT-17 b, two other possible detections in
HAT-P-57 b and the non-detections for the rest of the planets, which was the expected result due to the
extreme conditions of UHJs atmospheres introduced in 1.2.

In advance, it would be interesting to continue analysing these planets using other instruments like
CRIRES+, with higher resolution, and applying different methods like the single-line method as they
do in Casasayas-Barris et al. [2017, 2020] in order to find meaningful lines as helium or magnesium.

Personally, it feels like a victory for me as it was the first time I faced this kind of analysis and I

was not only able to reach the goal but to get over it.
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