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ABSTRACT

Over thirty years since the first exoplanet was identified, the tally of rec-
ognized exoplanets has surged dramatically to exceed 6000. This swift in-
crease in discoveries has largely resulted from the deployment of the highly
productive Kepler and Transiting Exoplanet Survey Satellite (TESS) mis-
sions, dedicated to extensively surveying exoplanets from space. The iden-
tification of initial exoplanets spurred interest in exploring their atmospheric
properties. The primary challenge in directly observing exoplanet atmo-
spheres stems from the significant contrast ratio between the planet and its
host star. Fortunately, not long after, scientists identified a highly beneficial
group of exoplanets, known as transiting planets, which enabled the initial
detection of an exoplanetary atmosphere. This group primarily consists of
planets orbiting closely with short periods, which increases the likelihood
of transit events occurring within their orbits. An exoplanet transit occurs
when the planet moves across the face of its star from the observer’s view-
point. When an exoplanet is in transit, some stellar light travels through
its atmosphere, and based on the atmospheric composition, subtle spectral
features are imprinted on the observed stellar spectrum. This technique is
known as transmission spectroscopy.

This thesis is focused on the search and characterisation of atmospheric
signals from the exoplanet atmosphere, the transmission spectrum, using
both high- and low-resolution transmission spectroscopy observations of
several exoplanets.

The majority of the research presented in this thesis pertains to applying the
method I developed for deriving the transmission spectrum of individual
lines while thoroughly removing Earth and stellar contaminants. I will dis-
cuss various studies focusing on KELT-9 b, the most scorching exoplanet
discovered. Among these, I will detail the planet’s atmospheric analysis
through single line examination as outlined in D’ Arpa et al. (2024b), intro-
ducing my method for extracting and fitting transmission spectra of indi-
vidual lines. I will also compare the findings from D’ Arpa et al. (2024b)
with other research conducted by the Global Architecture of Planetary
System (GAPS) collaboration concerning the single line analysis of KELT-
9 b. Furthermore, I will demonstrate how this method, initially devised for
KELT-9 b, can be applied to other subjects, including several hot Jupiters.
This includes work in progress utilizing Echelle SPectrograph for Rocky
Exoplanets and Stable Spectroscopic Observations (ESPRESSO) and
other studies. A notable application of the framework developed for sin-
gle line analysis is using both the Hav line and the He 1 triplet as markers of
two distinct star-planet interactions: stellar activity and photo-evaporation
as discussed in Guilluy et al. (2024) and D’ Arpa et al. (2024a).



ABSTRACT

Regarding the low-resolution spectroscopy I will introduce the preliminary
results of one ongoing project regarding the comparison between differ-
ent pipelines used to extract the transmission spectra from Hubble Space
Telescope (HST) Wield Field Camera 3 (WFC3) data. I will show how
slightly different results obtained by these pipelines would lead to differ-
ences in the chemical composition retrieved.

vi



List of Figures

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

Cumulative counts of exoplanets as a function of the year taken from
NASA Exoplanet Archive. . . . . ... ... ... ... ........

[lustration of the radial velocity method. The stellar spectrum seen by
an observer is blueshifted (left) and redshifted (right) as the star orbits
the system barycentre. Credit: eso.org . . . . . . . . .. ... .. ...
[lustration of the transit method for detection of exoplanets. If the or-
bital plane of a system appears nearly edge-on, the planet will cross the
disk of the star. As the exoplanet orbits the star, different brightness
values are obtained. Some parameters that can be extracted from a light
curve are: Beginning of ingress (t1); end of ingress (t2); beginning of
egress (t3); end of egress (t4); transit length; and transit depth. From
Jara-Maldonado et al. (2020) . . . . .. ... .. ... ... ... ...

First planets detected with the two main methods. Left panel: first Ra-
dial Velocity (RV) detection, 51 Pegasi b by Mayor & Queloz (1995).
Right panel: first transit light curve, HD-209458 b by Charbonneau
etal. (2000). . . . . . .
Mass-radius diagram for exoplanets for which the mass and radius have
been both measured with a relative error better than 30%. The solid lines
represent the different compositions. The planetary data are taken from
the NASA exoplanet archive and updated to August 30, 2017. From
Damasso etal. (2018). . . . . . . . . ...

The Rossiter-McLaughlin (RM) effect of different exoplanets. Left
panels: corresponding RV signals. Right panels: three transit geome-
tries that produce identical photometric light curves, but differ in spin-
orbit alignment. From Mar Rivera Colomer thesis. . . . . . . .. . ...

Mass of detected planets vs their orbital period. The different mark-
ers and colours indicate the several different technique used for the de-
tection. Taken from National Aeronautics and Space Administra-
tion (NASA) Exoplanet Archive. . . . . . . ... ... ... ......

Radius of detected planets vs their orbital period. The different markers
and colours indicate the several different technique used for the detec-
tion. Taken from NASA Exoplanet Archive. . . . . . . ... ... ...

vii



LIST OF FIGURES

1.9

1.10

1.12

1.13

2.1

lustration of the paths of the stellar photons filtered through the plane-
tary atmosphere during a primary transit observation with the observer

being placed on the right of the image. Adapted from Tinetti et al. (2012). 16

The effect of decreasing spectral resolution. The two panels show dif-
ferent wavelength regions of a model hot Jupiter atmosphere containing
water and carbon monoxide. The model has been convolved to different
spectral resolutions. The overplotted points represent the typical resolu-
tion resulting from current space-based observations and trace out only
broad molecular features. Note how many individual CO lines are lost
between a resolution of R=100000 and R=300. From Birkby (2018). . .

Synthetic absorption spectrum of the sky between 0.3 and 30 um cal-
culated with LBLRTM module from Molecfit with a resolution R ~
10000 using the annual mean profile for Cerro Paranal. The eight main
molecules O,, O3, H,O, CO, CO,, CH,4, OCS, and N5O contribute more
than 5% to the absorption in some wavelength regimes. The red regions
mark the ranges where they mainly affect the transmission, minor con-
tributions of these molecules are not shown. The green regions denote

20

minor contributions from the other molecules. From Smette et al. (2015). 22

Detection significance for H,O, CH4, NH3, Cs Hy, HCN, CO, and COs.
Each panel shows the CC, as a function of the planet maximum radial
velocity (KP) and the planet rest-frame velocity (Vrest). White dashed
lines denote the known velocity of HD 209458 b, that is (KP, Vrest) =
(145, 0) kms~!. From Giacobbe et al. (2021). . . . . . ... ... ...

The comprehensive layout of atmospheric retrieval for low resolution
spectroscopy observations is depicted, emphasizing the dual-framework
structure: the forward model framework, which is tasked with build-
ing the forward model, and the retrieval framework, which focuses on
matching the forward model to an observed spectrum. Adapted from
Al-Refaie et al. (2021). . . . . . . . . . .. ..o

An example of telluric correction on a KELT-9 spectrum observed by
High Accuracy Radial velocity Planet Searcher for the Northern
emisphere (HARPS-N) on 2017-07-31. After normalisation, the Data
Reduction Software (DRS) processed data (in red) was telluric cor-
rected with Molecfit (green line) using the telluric model (in blue),
here shifted upwards for clarity. . . . ... ... ... ... ......

27

29



LIST OF FIGURES

2.2

2.3

24

2.5
2.6
2.7

2.8

2.9

Top panels: Raw tomography in the stellar reference frame for the hy-
drogen Balmer lines (Top row, left to right: Ha , HG and H~y ; Bottom
row, left to right: Ho , He and H( ). The planetary atmospheric ab-
sorption can be distinguished as a darker region following the expected
planetary RV profile, and the Rossiter-McLaughlin Effect (RME) as
a brighter feature. We also show the planetary radial velocity profile
during out-of-transit with a magenta line. The contact points are repre-
sented with white dashed and continuous lines. Middle panels: Model
tomography in the stellar reference frame computed as explained in Sec-
tion 2.1.2. Bottom panels: Corrected tomography obtained by dividing
the raw one by the modelone. . . . . . .. ... ... ... ...... 43

Balmer series transmission spectra: all the figures have the same range
on the y-axis to underline the differences between the single lines. The
red dashed lines represent the Gaussian best fit those results are listed
in Table 2.3, while the black dots are for a 20x binning of then observed
data. H( presents a wider scatter compared to the other lines due to
the low S/N in the bluest part of the HARPS-N range. The purple lines
show the Non Local Thermal Equilibrium (NLTE) broadened models
as discussed in Section 2.1.4. The small gradient of the NLTE model

for He is due to the vicinity with the Ca H line at 3968.47 A. . . . . . . 48
Best fit parameters for each Till lines. The red and dashed blue lines

represent respectively the mean and its uncertainty. . . . . . ... ... 52
Same as Fig. 2.4, butforFe 1. . . . . . . ... ... ... ... ... .. 53
Same as Fig. 2.4, butforFe11. . . . . ... .. ... ... ....... 53

Height distribution of chemical species detected expressed in planetary
radii as a function of atmospheric temperature. H I and Ca 11 lie on
top, but still well below the Roche (1.95 R;). The other metals are
distributed at lower altitudes. The black dashed line represents the tem-
perature profile presented by Fossati et al. (2021) accounting for NLTE
effects. The full lines representing each species height distribution are
shifted with respect to the black dashed line for clarity. . . . . ... .. 60

Number densities predicted by the NLTE model of Fossati et al. (2021)
for the detected atoms in neutral and singly ionised form. The dashed
lines indicate the height probed by the observations. Generally, the
ionised species have higher number densities compared to the neutral

Analysis of Gaussian best fit parameters of all detected lines. Top panel:
histograms of height, velocity, and Full Width at Half Maximum (FWHM).
Middle panel: Relations between velocity, height, and FWHM. Bottom
panel: Rotational velocity against the height in the atmosphere (in plan-

etary radii); the purple dashed line represents the profile expected for

the tidally locked scenario, while the black line represents the planetary
radius. . . . ... e e 62

iX



LIST OF FIGURES

2.10

2.11

2.12

2.13

2.14

2.15

2.16

2.17

2.18
2.19

Distribution of vy,;. and vy, as a function of the height, for the different
species detected. We also report, as comparison, the values retrieved
by Borsa et al. (2021b) with Calar Alto high-Resolution search for
M dwarfs with Exoearths with Near-infrared and optical Echelle
Spectrographs (CARMENES)data. . . . ... ............

Mean S/N as a function of wavelength for each night analysed. Each
point in the wavelength axis is referred to the S/N value for each of the
69 HARPS-Norders. . . . . ... ... ... ... ... ... ...

Absorption depth comparison with previous detections for Ho and Hj .

The cyan dashed lines represent the 30 confidence for our results. Ho results

are in good agreement with Turner et al. (2020) and Wyttenbach et al.
(2020), but at odds with Cauley et al. (2019) and Yan & Henning (2018),
while Hf is in good agreement with Wyttenbach et al. (2020), but not
with Cauley et al. (2019). We stress that, apart from Wyttenbach et al.
(2020), the other data have been collected with different instruments.
The red dashed lines represent the minimum and maximum values re-
trieved from analysing each night individually (see also Fig. 2.14). . . .

Region including Ca 11 H, Fe 1 and He with the corresponding Gaussian
fits. . .

Best fit parameters obtained analising each night individually for Hev ,
Hp and Hy . Cyan full and dashed lines represent respectively 1o and
30 confidence for the values obtained including all nights. Although
single nights results may differ in some cases from those obtained from
all nights combined, they are scattered around the expected values. The
discrepancy possibly arises from the low signal of the individual nights.
We stress that the scale of the nightly variability is larger than the com-
parison with the other results shown in Fig. 2.12. . . . . .. ... ...

Best fit parameters comparison with Wyttenbach et al. (2020). We also
show the results obtained with the method used in this work only for the
same 2 transit observations used by Wyttenbach et al. (2020). The cyan
dashed lines represent the 30 confidence interval for our results using
all the available nights. For all lines, our results are in good agreement
with Wyttenbach et al. (2020) except for the velocity shift of He , which
has been only tentatively detected by Wyttenbach et al. (2020). . . . . .

Same as Fig. 2.3, but for the neutral sodium doublet. We also show the
individual Na 1 NLTE spectrum (computed considering only the H and
the Na I species) shifted upwards for clarity and not broadened.

Same as Fig. 2.16, but for the Magnesium lines. The top row panels and
the bottom left one show the Magnesium triplet lines around 5167-5183
A, while the bottom right panel shows the Magnesium line detected at
552840A. L L
Same as Fig. 2.17, but for neutral and ionised calcium lines. . . . . . .

Same as Fig. 2.17, but for ionised scandium lines. . . . . . ... .. ..

67



LIST OF FIGURES

2.20

2.21

222

2.23

2.24

2.25

2.26

2.27

2.28

2.29

Same as Fig. 2.17, but for the Titanium lines detected with significance
greaterthan30. . . . . . . .. L 70

Vanadium I tentative detection: star reference frame tomography (left)

and transmission spectrum (right). . . . . . .. ... ... Lo, 71
Same as Fig. 2.17, but for Chromium. . . . .. ... ... ... ... .. 72
Same as Fig. 2.17,butforFer1. . . . . ... ... ... ... ...... 73
Same as Fig. 2.17,butforFe11.. . . . . ... ... ... ... ..... 74

Chi square distributions obtained with the grid of models for the Mg I
at 5528 A. Top panels: Xfed distribution for different vy,;.-Vqc pairs as
a function of the different abundances of magnesium, iron and oxygen.
Bottom panels: 2, distribution for different v,;. as a function of the
abundance for models with v,,,. fixed to 13 kms~!. The black lines
represent the contourplots. . . . . . . .. ... ... ... ... .. 77

Same as Fig. 2.25 for the neutral iron line at 4071 A. . . . .. ... .. 78

Same as Fig. 2.25 for the ionised iron lines at 4173.45 A, 4549.46 A
and 5316.60 A. . . ... 79

Same as Fig. 2.25 for the oxygen triplet lines from Borsa et al. (2021b). 80

Top panel: Residual map obtained for the Fe 11 line at 5018.4 A for
KELT-9 b in the stellar rest frame. The light-tilted signal is the atmo-
spheric signal of Fe 11, while the dark almost vertical signal is the RM
effect. The white horizontal lines indicate the start and end of the tran-
sit, while the tilted white line indicates the expected trace of the Fe 11
line assuming vy, =-21.61 km s~'as the average Vsys from our analysis.
Second panel: Best fit model of the planetary signal and of the RM and
Centre to Limb Variation (CLV) effects. Third panel: Same as the
top panel, but with the RM and CLV effects corrected. Fourth panel:
Transmission spectrum of the detected line (gray dots). The black dots
indicate the binned transmission spectrum with a step of 0.1 A. The
red line is the best Gaussian fit of the planetary signal derived from
the The Markov Chain Monte Carlo (MCMC) analysis, the blue line
shows the Local Thermal Equilibrium (LTE) model, and the green
line indicates the NLTE model. Bottom panel: Residuals after remov-
ing Gaussian fit from the TS. From Stangret et al. (2024). . . . . . . .. 85

xi



LIST OF FIGURES

2.30

2.31

2.32

3.1

3.2

3.3

Top panel: fitted v,,,+wind for each of the detected lines. The red dots
represent the results of D’Arpa et al. (2024b). Middle panel: fitted
Ugys Tor each of the detected lines in Stangret et al. (2024). The red
dashed horizontal lines indicate the mean value of the vy,s = -21.61 &
0.77 kms~!, while the grey horizontal dashed lines indicate literature
Usys values: -17.74 £ 0.11 km s~1(Hoeijmakers et al. 2019), -19.819
+ 0.024 kms~!(Borsa et al. 2019), and -20.22 + 0.49 km s~ (GAIA).
Bottom panel: v,;,q versus amplitude (corresponding to the depth in
D’ Arpa et al. (2024b)) plot, where green points represent the values cal-
culated by correcting the fitted v,,s+wind by the mean v, and the black
points represent the values corrected by vy, fitted for each of the lines
separately. . . . . .. L

Top panel: Fitted R\ for each of the lines. The dashed horizontal line
indicates R\ = R,. Bottom panel: Calculated R.;; values using the
amplitude of the detected signal for each of the lines (black dots) and
the values obtained by D’ Arpa et al. (2024b) (green dots). . . . . . . . .

Final transmission spectrum of KELT-9 b centred around the Na 1 D
(light gray), also binned by 20x in black circles. The red line is the
MCMC Gaussian fit, while the dashed blue vertical lines indicate the
rest frame transition wavelengths of the sodium doublet. From Sicilia
etal. (2025). . . . . . e

Ha results for KELT-20 b. First row: tomographies before the correc-
tion of the RML effect. The four black dashed horizontal lines indicate,
starting from the bottom, the times t1, t2, t3 and t4 respectively. Sec-
ond row: Correction terms for the RML effect of the last step of the
iteration. They have been estimated starting from the ATLAS stellar
models. Third row: tomographies after the correction of the RML ef-
fect. The black dashed horizontal lines have the same meaning of the
ones in the first row. Fourth row: Transmission spectra of the Balmer
series lines. The red curve are the Gaussian fits applied on them. Fifth
panel: residuals of the Gaussian fits. Adapted from Valerio Fardella’s
master thesis. . . . . . ...

Same as Fig. 3.1 for the H3 , Hy , Hd and He lines of KELT-20 b.
Adapted from Valerio Fardella’s master thesis. . . . . . . .. ... ...

Same as Fig. 3.1 for the Na 1 and Ca 11 doublets of KELT-20 b. Adapted
from Valerio Fardella’s master thesis. . . . . . . ... ... ......

Xii



LIST OF FIGURES

3.4

3.5

3.6

3.7
3.8

3.9

3.10

3.11
3.12
3.13
3.14
3.15

First row: tomographies before the correction of the RML effect of
the D2 and D1. The four black dashed horizontal lines indicate, start-
ing from the bottom, the times tl, t2, t3 and t4 respectively. Second
row: Correction terms for the RML effect of the last step of the itera-
tion. They have been estimated starting from the ATLAS stellar mod-
els. Third row: tomographies after the correction of the RML effect.
The black dashed horizontal lines have the same meaning of the ones
in the first row. Fourth row: Transmission spectrums of the Balmer se-
ries lines. The red curve in the left panel is the Gaussian fit for the D2.
Fifth row: residuals of the Gaussian fit of the D2. Adapted from Valerio
Fardella’s master thesis. . . . . ... ... ... ... ... .... 96
S/N as a function of the orbital phase for the two observed nights of
TOI-1518 b (top and bottom panels refer to the 5th and 7th of Septem-
ber 2023, respectively). Dashed vertical lines represent the ingress and
egress, while colormap shows the airmass. . . . . . .. ... ... ... 99
Residuals of the Cross Correlation Function (CCF) in the stellar ref-
erence frame for TOI-1518 b. The dark region following the expected
planetary trajectory (dashed lines) represents the atmospheric absorp-
tion of the species in the atmosphere of our target. The brighter region
that match the region of the stellar disk we expect the planet to cover
during the transit (circles) represents the RME. The white dashed lines

represent the ingress and egress of the transit. . . . . . . ... .. ... 100
Detected lines in the atmosphere of TOI-1518b. . . . . . . .. ... .. 101
SNR vs RV for the investigated species in TOI-1518 b with SNR larger

than30. . . . . . . 102

Kp vs RV for the investigated species for each temperature template in
the atmosphere of TOI-1518 b. We selected only the species with a SNR
larger than 3.5 o and a velocity shift between -20 km s~!and 20 km s,
The colormap represents the SNR, while the dashed lines represent the
expected position of the signal in terms of RV andKp. . . .. ... .. 103
Kp vs RV maps for all the detected and tentatively detected species with
the 2000K templates in TOI-1518 b. We used two different colormaps
for the species with SNR larger than 4 o and the ones without. In each
panel the SNR is represented negatively. We also show with the cyan
lines the expected position of the signal, RV = 0 kms~!and Kp = 226

kms™h 104
Same as Fig. 3.10 for the 2500K templates. . . . . ... ... ... .. 105
Same as Fig. 3.10 for the 3000K templates. . . . ... ... ...... 106
Same as Fig. 3.10 for the 4000K templates. . . . . .. ... ... ... 107
Same as Fig. 3.10 for the 5000K templates. . . . ... ... ... ... 108

Result of the multiple lines analysis for the Fe 11 and Ti 1I in the at-
mosphere of TOI-1518 b. We show the tomographies in the stellar ref-
erence frame in the top panels, while in the bottom one we show the
transmission spectrua with data re-binned and the Gaussian fit. . . . . . 109

xiii



LIST OF FIGURES

3.16

3.17

4.1

4.2

4.3

4.4

Result of the single lines analysis for the detected lines in the atmo-
sphere of WASP-94A b. We show the transmission spectra with data
re-binned and the Gaussian fit. . . . . . . .. .. ..o

Example of the cross-correlation with templates result for the Ca 11 in
the atmosphere of WASP-94A b. In the 2D tomography in the left panel,
we can clearly see the overlap between the RME and the planetary sig-
nal. In the central panel we show the Kp vs RV map, while in the right
panel the significance o vsthe RV. . . . . . . . ... ... .. ... ..

Known exoplanets as a function of their radius and period from the
NASA Exoplanet Archive (Akeson et al. 2013). Targets analysed in
this work and previous GIANO-B papers (Guilluy et al. 2020; Fossati
et al. 2022; Guilluy et al. 2023) are highlighted. The marker colour
reflects the He I absorption signal we found in this work. Circles and
squares represent detections and non-detections, respectively. The non-
detections are reported at lo. . . . . . . . .. .. ... ..

S/N in the region of interest (1082.49-1085.5 nm)(left panel) and air-
mass (right panel) measured during the GIANO-B observations for each
investigated target. The vertical dashed lines mark the ty, to, t3, and t4
contact points (from left to right). The dashed green line for WASP-107
b indicates the transit we had to discard for adverse seeing conditions.

Left Panels: Averaged spectrum for each investigated night in the tel-
luric rest frame, with overplotted vertical lines to show the position of
the H5O telluric transmission line at ~1083.51 nm and the OH telluric
emission line at ~1083.43 nm in black and orange, respectively. Right
Panels: Averaged spectrum for each investigated night after the telluric
removal and the shift in the stellar rest frame. Vertical blue lines cor-
respond to the He I triplet. The averaged spectra are plotted after being
divided by their median value for visual purposes. . . . . .. .. ...

2D transmission spectra maps. For each target, an example of transmis-
sion spectra shown in tomography in the planetary rest frame in the re-
gion of the He I triplet, as a function of wavelength and planetary orbital
phase. The contact points tl, t2, t3, and t4 are marked with horizontal
blue lines. The regions affected by OH contamination are masked. For
some planets, some residuals are left at the position of the Si~1083 nm
line (highlighted in pink). This is due to the depth of the line (see e.g.,
Krishnamurthy et al. 2023; Zhang et al. 2023a). Black and red dotted
lines mark the position of the Hellines in the stellar and planet rest
frame, respectively. Lines with black squared mark the position of the
strong H5O telluric line at around 1083.51 nm. The corresponding 2D
maps for all the investigated nights are shown in Fig4.12. . . . . . . ..

X1V

. 121



LIST OF FIGURES

4.5

4.6

4.7

4.8

4.9

Example of Gaussian Processes (GP) correction. Left panel: transmis-
sion spectrum centred on the He I triplet (in the planet rest frame) with
the GP regression model, along with the 10 uncertainty intervals, (in
blue) and the Gaussian+GP model (in red). Right Panel: Final spec-
trum after removing the GP model. Vertical black dotted lines indi-
cate the position of the HeItriplet. The spike in the right wing of the
He 1triplet in the GJ 3470 b transmission spectrum is a residual due to
the OH emission line. The error intervals for the Gaussian fit were com-
puted by displaying 1000 Gaussian fits within the 1o uncertainties of
the derived parameters, spanning the 16%-84% quantiles. . . . . . . . .

Transmission spectra centred on the He I triplet (in the planet rest frame)
after removing the Gaussian process model. For each target, differ-
ent colours refer to the different visits, while the black points show the
weighted average over the observations. Vertical black dotted lines in-
dicate the position of the He I triplet. For GJ 3470 b two different trans-
mission spectra are reported, one by considering the two nights not af-
fected by the OH contamination and one by considering only the night
responsible for the He 1signal. For WASP-69 b, the weighted averaged
spectrum has been obtained by excluding the first night (i.e., UT 2019-
07-24) as likely affected by stellar contamination. . . . . . . . ... ..

Transmission light curve of the HeIin the planetary rest frame for the
investigated targets. The vertical dashed lines mark the ty, to, t3, and t4
contact points (from left to right). The grey horizontal dashed line is the
continuumlevel. . . . . .. ... oL oL

Ha transmission spectra and light curves for WASP-69 b. Top: 2D
transmission spectroscopy maps in the stellar rest frame for UT 2019-
07-24 (top-left) and UT 2020-08-09 (top-right). Red dotted lines mark
the position of the Ha line in the planet rest frame. Bottom: spectro-
scopic light curves (bottom-left) and weighted average of the full in-
transit spectra in the planet rest frame (bottom-right, the equivalent in
the stellar rest frame is in the left panel of Fig. 4.10 in the appendix).
Light colours indicate the not binned transmission spectra, while dots
represent the transmission spectra binned 20 x (in RV). We over-imposed
the Gaussian profile derived from the best-fit parameters on the not-
binned spectra. . . . . . .. ...

Ha transmission spectra and light curves for GJ-3470b. Top: 2D trans-
mission spectroscopy maps in the stellar rest frame for UT 2019-12-28
(transit 3), UT 2020-01-27 (transit 4), and UT 2022-12-23 (transit 5) in
left, middle, and right panels, respectively. Bottom: spectroscopic light
curves (right panel) and weighted average of the full in-transit spectra in
the planet rest frame (left panel, the equivalent in the stellar rest frame
is in the left panel of Fig. 4.10). . . . . . . . .. .. .. ... ... ...

XV



LIST OF FIGURES

4.10

4.11

4.12
4.13

4.14

4.15

4.16

4.17

Weighted average of the full in-transit spectra in the star rest frame
for WASP-69 b (left panel) and GJ3470b (right panel) centered on the
Ha line. Light colors indicate the not binned transmission spectra,
while dots show the transmission spectra binned 20 x (in RV). The over-
plotted fit is performed on the not-binned spectra and represents the
model favorite by the Bayesian Information Criterion (BIC) test. . . . 136

Correlation plots. Targets from this work, Guilluy et al. (2020), Fos-
sati et al. (2022) and Guilluy et al. (2023). Contrast ¢ (left panels) and
Orp/Heq (right panels) as a function of the EUV flux in the 200 to 504
A range, effective temperature and planetary gravity, and log Riy,. Red
markers indicate targets with only an upper limit on the He I detection
(reported at 10). The vertical dashed blue lines in the effective temper-
ature diagrams indicate the transition from M-type to K-type stars. The
dashed horizontal line connects the two possible locations for HAT-P-3
b (for the two different coronal temperatures). . . . . . . ... .. ... 139

Same as Fig 4.4 but for all the investigated nights. . . . . . . ... ... 144

Corner-plots in the Differential Evolution Markov chain Monte Carlo
(DE-MCMC) analysis. The excess of absorption c [%], offset [%],
peak position, and FWHM correspond to the parameters we used in the
Gaussian fit, while the jitter term o, the semi-amplitude of the corre-
lated noise h, the correlation length A were used to parametrize the SE
kernel withinthe GP. . . . . . .. ... ... ... ... oL 145

Known exoplanets as a function of their radius and period from the
NASA Exoplanet Archive (Akeson et al. 2013) within the Neptunian
desert and savanna. The color represents the density of planets. TOI-
5398 b is highlighted with a purple diamond while the planet c is high-
lighted by a cyan one. The arrow indicates the expected position of the
planet b within the Savanna at the end of its evolution according to Man-
tovan et al. (2024b). The marker size is proportional to the planetary mass. 148

S/N as a function of the orbital phase for both the HARPS-N and GIANO-
B datasets. The airmass is colour-coded. The dashed lines represent the
ingress and egress of TOI-5398b. . . . . ... ... ... ... .... 150

Radial velocity profile of the two planets observed as part of the DDT
proposal A46DDT4 represented with red and blue dotted lines for planet
b and c respectively. The transit of planet c is completely overlapping
with planetbone. . . . . . . . . . . ... o 150

Master-out (black) and master-in (red) spectra in the star frame. The
dashed grey line indicates the spectrum before the Molecfit correction,
while vertical dashed black and blue lines denote the position of the stel-
lar He I triplet and OH emission line, respectively. In-transit absorption
is visible by eye, especially in the zoomed in panel. . . . . . . ... .. 152

Xvi



LIST OF FIGURES

4.18

4.19

4.20

4.21

4.22

4.23

Left panel: 2D maps of transmission spectra in the planet rest frame in
the region of the He Itriplet, as a function of wavelength and planetary
orbital phase for TOI-5398 b. The contact points t;, t, t3 and t4 are
marked with horizontal blue lines. The regions affected by OH con-
tamination are masked. Some residuals are left at the position of the Si
line (~1083 nm). This is due to the depth of the line, which can cause
difficulties in spectral extraction (see, e.g., Krishnamurthy et al. 2023).
Red dashed lines mark the position of the HeIlines. Right panel: The
light curve in the planet rest frame computed in a bandpass of 0.075 nm
(equivalent to ~ 20 kms™'). Black points are computed with a phase
bin of 0.002. Vertical black dashed lines indicate the position of the
transit contact points ty, to, t3, tg. . . . . .. L. oL

Same as Fig. 4.18 for the lines detected in the visible range. . . . . . . .

Transmission spectra of He I triplet, Ha and Na 1 doublet after the GP
correction. For each investigated line, the GP correction is shown.
Left panel: transmission spectrum centred on the line (in the planet
rest frame) with overplotted the GP regression model, along with the
lo uncertainty intervals (in blue), and the Gaussian+GP model (in red).
Right Panel: Final transmission spectrum after removing the GP model.
Vertical black dotted lines indicate the position of the investigated line.
The error intervals for the Gaussian fit were computed by displaying
1000 Gaussian fits within the 1o uncertainties of the derived parame-
ters, spanning the 16%-84% quantiles. . . . . . . ... ... ... ...

Cross correlation and K-V, maps of Na I, Ca I and Fe I obtained with
the Kitzmann et al. (2023) templates at 2000K for TOI-5398 b. In the
first column the CCF are depicted in terms of ppm. The dotted horizon-
tal lines indicate the T1 and T4 contact points, while the red dashed line
is the planetary trace. The Doppler shadow follows the white slanted
line. Second columns are the K-V, maps. The planetary signal is
expected to be limited between the green pointer in the middle of the
figures, while the red lines point at the minimum value of the K-V,
between K, 75 kms™!, 125 kms~'and RV -50 km s, +50 km s~ *. The
last column is the K-V, 1D map evaluated at the K, minimum value.
The grey region is the 30 edge, while the vertical navy dashed line refers
tothe RVOkms™t. . . .. ... ... .. ...

He I simulated absorption profiles for both planets changing the He/H
number abundance. The green line corresponds to the He Iobserved
signal with 1o errorbars given in Table 4.10. The blue and red bands
correspond to the simulations obtained for the two planets varying the
X-ray luminosity of afactor2. . . . ... .. .. ... ... .. ...,

Same as Fig. 4.25 for SLOPpy. . . . . . . . . .. ... ... ... ...

154



LIST OF FIGURES

4.24 Example of telluric correction for the Ha and Na 1 doublet regions. Af-

4.25

5.1

5.2

53

54

5.5

ter normalisation, the DRS processed data (in orange) was telluric cor-
rected with Molecfit using the telluric model in blue, here shifted
upwards forclarity. . . . . . . ..o L Lo

Posterior distribution of the investigated parameters in the DE-MCMC
analysis for the four investigated lines. The excess of absorption ¢ [%],
offset [%], peak position, and FWHM correspond to the parameters we
used in the Gaussian fit, while the jitter term o, the semi-amplitude of
the correlated noise h, the correlation length A were used to parametrise
the SE kernel withinthe GP. . . . . . . ... ... ... ... .....

Diagram of the framework adopted within the Italian community for the
dry run for the planetary parameters determination. . . . . . . .. . ..

Masses and radii computed with our framework for each target. In blue
the mean rescaled values for both the mass and the radius, while in red
the recomputed mass value. We also show the literature values including
only the filtered work as explained inthe test. . . . . . . ... .. ...

The corner plot delineates the retrieval results for all WASP-121 b spec-
tra. The colour coding remains consistent with the rest of the paper:
blue represents the Tsiaras et al. (2018) data, red signifies Edwards et al.
(2023), orange denotes Excalibur, and green symbolizes Cascade. Atop
each panel column, the fitted values for each data set are displayed: ‘ir’
corresponds to the Iraclis data set from Tsiaras et al. (2018), ‘ex’ to
Excalibur, ‘ca’ to Cascade, and ‘ed’ to Edwards et al. (2023). The top
right panel illustrates the fitted transmission spectra derived from the
parameters retrieved for each data set, represented as solid lines. The
corresponding filled areas indicate the 1o and 20 uncertainties. The
observed data points, along with their uncertainties, are depicted using
the same colour scheme. The observed data points are connected with
coloured dotted lines, to help the reader. The black data points in the
top right panel are from Evans et al. (2016) for comparison. Adapted
from Mugnai et al. (2024). . . . . . . ... oo

Comparison of data reduction steps across pipelines. The data reduc-
tion steps for the Iraclis pipeline are delineated following Tsiaras et al.
(2016), for EXCALIBUR as per Roudier et al. (2021), and for CAS-
CADE within the appendices of Carone et al. (2021). Adapted from
Mugnai et al. (2024) with the inclusion of PACMAN from Zieba &
Kreidberg (2022). . . . . . . . . . e

167

Comparison of the white light curves extracted employing different pipelines.

Top panel: data and fitted model. Bottom panel: residuals. . . . . . . .

xXviii

181



LIST OF FIGURES

5.6

5.7

5.8

59

6.1

Comparison of the transmission spectra extracted employing all the dif-
ferent pipelines discussed in the text. In the top left panel we show the
extracted spectra, while in the left bottom panel we show the extracted
spectra divided by its own median value. In the right panels we show the
histograms computed employing MK1 and MK2 metrics as described in
the text, and the fit with normal distributions. . . . . . . ... ... ..
Comparison of the transmission spectra extracted employing the Iraclis
pipelines. Top panel: transmission spectra extracted with the Iraclis
pipeline by Tsiaras et al. (2018), Edwards et al. (2023) and in this work.
We use Evans et al. (2016) as benchmark comparison. Bottom panel:
Residuals among the three Iraclis spectra and Evans et al. (2016). . . . .
Spectra and their best fitting models retrieved with Tau Retrieval for
Exoplanets (TauREx) employing the free chemistry and the same strat-
egy of Mugnai et al. (2024). We use ’ts’ for Tsiaras et al. (2018), ’ca’
for CASCADe, ’ed’ for Edwards et al. (2023), ’pa’ for PACMAN, ’ev’
for Evans et al. (2016) and ’ir’ for our Iraclisrun. . . . . .. ... ...
Corner plot of the retrievals with TauREx employing the free chemistry
and the same strategy of Mugnai et al. (2024) for all the pipelines in-
vestigated and for the benchmark Evans et al. (2016). We use ’ts’ for
Tsiaras et al. (2018), *ca’ for CASCADe, ’ed’ for Edwards et al. (2023),

183

184

pa’ for PACMAN, ’ev’ for Evans et al. (2016) and ’ir’ for our Iraclis run. 185

Ha , He1and metal lines detection and non detection in the atmospheres
of the planets analysed in this thesis with High-Resolution data as a
function of the stellar and planetary temperatures. The size of the circles
is proportional to the scale height of each target. . . . . . . . .. .. ..

Xix



LIST OF FIGURES

XX



List of Tables

2.1 HARPS-Nobservinglog.. . . . . .. ... ... .. ... .. .. 39
2.2 Stellar and planetary parameters of the KELT-9 system adopted in this

work. . Lo 40
2.3 Summary of the results obtained from the Gaussian fits to the detected

HiBalmerlines. . . . ... ... ... .. ... ... ... ... 47
2.4 Summary of the results obtained from the Gaussian fits to the detected

metal lines, except foriron. . . . . . . ... ... ... L. 49
2.5 Summary of the results obtained from the Gaussian fits to the detected

fronlines. . . . . .. ... 54
2.6 Mean values of v, and vy, for each species detected. . . . . . . . .. 59
2.7 Best Gaussian fit parameters for individual analysis of Hoa , HG and Hy . 67
3.1 Parameters of KELT-6, WASP-69, WASP-107, GJ-3470, and KELT-

20 from Damasso et al. (2015), Bonomo et al. (2017), Anderson et al.

(2017), Awiphan et al. (2016), and Lund et al. (2017) respectively. . . . 90
3.2 Info about the observation nights for each target. . . . . ... .. ... 91
3.3 Parameters from Cabot et al. (2021) used in all the analyses of TOI-1518 b. 98
3.4 Parameters adopted in the analysis of WASP-94Ab. . . . . .. ... .. 111
3.5 Single line analysis results for WASP-94Ab . . . . .. ... ... ... 112
4.1 Observationslog. . . . . . . . .. ... . 118
4.2  Priors used in the DE-MCMC analysis. . . . .. ... ... ...... 128
4.3 Result night by night for the He1absorption . . . . . ... .. ... .. 129
44 Resultscombined. . . . . . . . ... L Lo 130
4.5 Correlations between the investigated planetary and stellar parameters

expected to influence the Helobservability. . . . . .. ... ... ... 137
4.6 Adopted parameters . . . . . .. ... Lo 140
4.6 continued . . . . . ... 141
4.6 continued . . . . . ... L 142
4.6 continued . . . . .. ... e 143
47 logRygvalues. . . . . . .. 146
4.8 The stellar and planetary parameters adopted. . . . . . .. ... .. .. 149
4.9 Observationslog. . . . . .. ... 149
4.10 Best-fit parameters for the single lines analysed. . . . . . ... ... .. 154

xXxi



LIST OF TABLES

4.11
4.12

5.1

52
5.3

54

Best fit parameters with SLOPpy . . . . . . . ... .. ... ... ... 165
Gaussian+GP and Gaussian model comparison via BIC in HARPS-N
SPECLIA.  © v v v o e e e e e e e e e e e e e e e e e 168
New stellar parameters obtained within the collaboration according to
Magrini et al. (2022) . . . . . . ... 173
Results of our framework . . . . . . . . ... ... ... .. ... .. 173
Parameters from Delrez et al. (2016) used in all the analyses of WASP-
121 b, . e e 179
Parameters values retrieved from the cornerplots. . . . . . .. ... .. 184

xxii



List of Acronyms

Ariel Atmospheric Remote sensing Infrared Exoplanet Large Survey
BIC Bayesian Information Criterion

CARMENES Calar Alto high-Resolution search for M dwarfs with Exoearths with
Near-infrared and optical Echelle Spectrographs

CCF Cross Correlation Function

CLV Centre to Limb Variation

CoRoT  COnvection ROtation and planetary Transits
DE-MCMC Differential Evolution Markov chain Monte Carlo

DRS Data Reduction Software
ESA European Space Agency
ESO European Southern Observatory

ESPRESSO Echelle SPectrograph for Rocky Exoplanets and Stable Spectroscopic
Observations

FWHM  Full Width at Half Maximum

GAPS Global Architecture of Planetary System

GP Gaussian Processes

GTO Granted Time Observation

HARPS High Accuracy Radial velocity Planet Searcher

HARPS-N High Accuracy Radial velocity Planet Searcher for the Northern emisphere
HJ Hot Jupiter

HST Hubble Space Telescope

JWST James Webb Space Telescope

KELT Kilodegree Extremely Little Telescope

xxiii



LIST OF TABLES

LTE
MCMC
NASA
NIST
NLTE
RM
RME
RV
STIS
TauREx
TESS
TNG
TSM
UHJ
VALD3
VLT
WASP
WFC3

Local Thermal Equilibrium

The Markov Chain Monte Carlo

National Aeronautics and Space Administration
National Institute of Standards and Technology
Non Local Thermal Equilibrium
Rossiter-McLaughlin

Rossiter-McLaughlin Effect

Radial Velocity

Space Telescope Imaging Spectrograph

Tau Retrieval for Exoplanets

Transiting Exoplanet Survey Satellite
Telescopio Nazionale Galileo

Transmission Spectroscopy Metric

Ultra Hot Jupiter

Vienna Atomic Line Database

Very Large Telescope

Wide Angle Search for Planets

Wield Field Camera 3

XXiv



Chapter 1

General overview

This thesis concentrates on the atmospheric characterization of extrasolar planets through
transmission spectroscopy observations. This chapter provides an overview of the ex-
oplanet field, beginning with a discussion of the key elements involved in the search
for new worlds. It then offers a general review of our current understanding of ex-
oplanet atmospheres based on both theoretical and observational studies, concluding
with a section specifically focused on studying these atmospheres using transmission
spectroscopy.

1.1 Detection of exoplanets: a life-long resume

While the human desire to explore their loneliness in the universe is hard to date, our
discovery of new exotic worlds where to find cosmic neighbours has only started very
recently. The first exoplanet was discovered in 1992, only few years before my birth, by
Wolszczan & Frail (1992) who detected periodic variations in the arrival time of emit-
ted beams from pulsar PSR B1257+12. Three years later, our solar system got its first
grade cousin as Mayor & Queloz (1995) made the first Radial Velocity (RV) planetary
detection (see RV technique in Section 1.1.1) discovering a Jupiter sized object around
the main sequence star 51 Peg with a much closer orbit to its host star than previously
thought possible. This discovery was followed by many similar detections, resulting
from a re-analysis of previous datasets (Marcy & Butler 1996; Butler & Marcy 1996).
I was born approximately two years later than Mayor & Queloz (1995) revolutionary
discovery (as stated by the 2019 Nobel prize). At that point, according to the National
Aeronautics and Space Administration (NASA) Exoplanet Archive!, only 11 plan-
ets were discovered employing the RV technique and consisting of a single hot Jupiter
and its host star, as they were easier to detect. In 2000, the millennium and the tran-
sit revelations kicked off. The first planetary transit was observed simultaneously by
Charbonneau et al. (2000) and Henry et al. (2000), who witnessed a period decrease
in the star brightness during the planet inferior conjunction in its radial velocity orbit.

"https://exoplanetarchive.ipac.caltech.edu/index.html
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Figure 1.1: Cumulative counts of exoplanets as a function of the year taken from NASA
Exoplanet Archive.

In particular, Henry et al. (2000) only showed half of a transit and they could not have
claimed the discovery unless Charbonneau et al. (2000) showing two complete transits.
In 2007, when I was ten, the number of planets discovered reached 255 planets, before
exponentially increasing in the following years thanks to the survey devoted to detect
transiting planets: COnvection ROtation and planetary Transits (CoRoT) satellite
(Baglin et al. 2007), and the NASA'’s Kepler satellite (Koch et al. 2007), which discov-
ered hundreds of confirmed planets and potentially thousands more yet to be confirmed
from 2009 to 2013, during its main mission and many more during the K2 phase. The
outburst of transit method starting from 2009 can be clearly seen in Fig. 1.1 where is
shown the cumulative counts of exoplanets discovered per year grouped by discovery
method with the peaks in the histogram in 2014 and 2016 corresponding to the release
of new confirmed planets by Kepler. At the end of my bachelor thesis on exoplanets
in 2019 the number of confirmed planets just overcame 4000 detections in 27 years.
At that point, Transiting Exoplanet Survey Satellite (TESS) (Ricker et al. 2015) step
over and the number of planets kept growing. In 2021 at the beginning of my PhD ad-
venture the discovered planets were almost 4800, 1000 less than the current number at
the date®. Will they reach 6000 before my PhD defence?

In Section 1.1.1 and Section 1.1.2 I will deepen the two main methods used to discover
exoplanets, already introduced above, the radial velocity and the transit method.

25832 at the 29/01/2025, according to the NASA Exoplanet Archive
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Figure 1.2: Illustration of the radial velocity method. The stellar spectrum seen by an
observer is blueshifted (left) and redshifted (right) as the star orbits the system barycen-
tre. Credit: eso.org

1.1.1 A spectroscopic method: the radial velocities to constrain the
mass

Since the pioneering detection of an exoplanet orbiting a Sun-like star by Mayor &
Queloz (1995), the RV method has been heavily utilized. This approach is not de-
signed to directly observe an exoplanet, but rather to measure the changes in velocity
it causes in the star’s spectrum for binary systems. It involves a spectroscopic method
that estimates the periodic Doppler shifts in the star’s spectral lines, resulting from the
gravitational influence the unseen planet exerts on its host star. This is clear in Fig. 1.2,
where the effect of the planet orbiting around the star can be seen in the stellar spec-
trum. The radial velocity semi-amplitude (K) of the star’s Doppler shift, induced by the
planet’s orbit, can be expressed as:

M,sini  (2zG\'* 1
o (7)) i
where P represents the planet’s orbital period, M, and Mp denote the stellar and plan-
etary masses (considering the assumption that M, > Mp), e is the orbit’s eccentricity,
and 7 is the inclination relative to the line of sight. For a circular orbit, the radial velocity
fluctuations are sinusoidal, reaching their peak at K. Stellar mass is often estimated via
a mass-spectral-type relationship or other observable data. With knowledge of M, and
P, and by measuring K, Eq. 1.1 allows us to compute Mp sini. Nevertheless, with-
out the system’s inclination, and given that sinz < 1, this method typically offers an
upper limit for the planetary mass. Eq. 1.1 further reveals that for a given star, radial ve-

locity semi-amplitudes are maximized for planets with greater mass and shorter orbital
periods.

K, = (1.1)

It is useful to take our Solar System’s planets as an example to understand the quantities
we are talking about: Earth, with its orbit at 1 astronomical unit (AU), causes the Sun
to move by ~ 10 cm/s. For Earth-like planets orbiting closer to their star, this effect
increases to about 1 m/s. This value is still below what substantial planets like Jupiter
can exert on their star, with speeds surpassing 10 m/s, particularly at closer proximi-
ties, reaching hundreds of meters per second (Bozza et al. 2016). Currently, the most
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Figure 1.3: Illustration of the transit method for detection of exoplanets. If the orbital
plane of a system appears nearly edge-on, the planet will cross the disk of the star. As
the exoplanet orbits the star, different brightness values are obtained. Some parameters
that can be extracted from a light curve are: Beginning of ingress (t1); end of ingress
(t2); beginning of egress (t3); end of egress (t4); transit length; and transit depth. From
Jara-Maldonado et al. (2020)

advanced spectrographs for detecting exoplanets include the High Accuracy Radial ve-
locity Planet Searcher (HARPS) Pepe et al. (2000) at the 3.6-meter telescope at the La
Silla Observatory in Chile, its counterpart in the northern hemisphere, High Accuracy
Radial velocity Planet Searcher for the Northern emisphere (HARPS-N) (Cosentino
et al. 2012), at the Telescopio Nazionale Galileo (TNG) in La Palma, Spain, and the
newly introduced Echelle SPectrograph for Rocky Exoplanets and Stable Spectro-
scopic Observations (ESPRESSO) spectrograph Pepe et al. (2010) at the Very Large
Telescope (VLT) in Paranal, Chile. The two HARPS instruments are both able to reach
a RV precision of 1 m/s while ESPRESSO can push to 0.1 m/s meaning that nowadays
we are able to detect planets with masses similar to the Earth (see Section 1.3 for an
insight on the exoplanet demography).

1.1.2 A photometric method: the transit to constrain the radius

As the RV method has been the pathfinder of exoplanet detections, nowadays the transit
method is unequivocally the most prolific. As extrasolar systems are randomly oriented
in space, an ensemble of them can have orbital planes close enough to the observer’s
line of sight, that one or more planets in the system can transit the visible disk of the host
star. This requires the planetary system to be almost edge on (i ~ 90 degrees, having
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defined the inclination i as the angle formed by the line of sight and the perpendicular
to the orbital plane). With this constraint, the probability for a transit to occur is given
by the following formula:

" 1 1
P = 0.0045 R, + R, au + ecosw ’ (12)
Ro a 1—e?

where 12, and R, are the stellar and planetary radius, a is the semi-major axis and w
represents the argument of the periastron (e.g., Charbonneau et al. 2007). The geometry
of a transit is shown in Fig. 1.3 where can be seen that, if a planet transits, the occultation
of the parent star disc will lead to a periodic drop in the stellar flux called transit depth,

0:
2
s A (&) (1.3)

f R*

The drop in stellar flux is observed trough a photometer that can be mounted on a space-
craft such as in the cases of Kepler and TESS, or in ground-based telescopes such as the
Kilodegree Extremely Little Telescope (KELT) (Siverd et al. 2009) and the Wide An-
gle Search for Planets (WASP) (Pollacco et al. 2006). From Eq. 1.3, we can estimate
the radius of the planet, I, by measuring the flux change during a transit and knowing
the stellar radius, R,. In this context, using the solar system as a reference is advanta-
geous. Specifically, an Earth-sized planet transiting a Sun-like star causes a transit depth
of 8.3 x 1075%, while a Jupiter-sized planet results in a 1% decrease (expressed in units
of stellar flux). Consequently, the transit method is particularly effective for detecting
large planets, such as the one first discovered by Charbonneau et al. (2000), or systems
where the planet-to-star radius ratio is significant. The impact of this detection bias on
the currently known planetary population will be further examined in Section 1.3. The
key parameter obtained through the transit technique is the planetary radius. However,
by observing multiple transits, one can also determine the orbital period, which leads to
the calculation of the orbit using the host star’s mass and Kepler’s Third Law:

_ G M (1.4)

3
2

2 2
Pp 47

where a,, is semi-major axis, P, is period of the planet, G is the gravitational constant,
and M, is the mass of the host star (where we assume M, << M, ).

There are several other detection methods that I did not introduce in the previous Sec-
tions such as the direct imaging (Traub & Oppenheimer 2010), the microlensing (Mao
& Paczynski 1991; Gould & Loeb 1992), and the astrometry (Perryman et al. 2014).
Each detection method has sensitivity to specific ranges or type of planets and plays an
important role in discovering exoplanets, but since this thesis is focused on exoplanetary
atmospheres which are strictly connected to the transit method, I will not discuss them.
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Figure 1.4: First planets detected with the two main methods. Left panel: first RV
detection, 51 Pegasi b by Mayor & Queloz (1995). Right panel: first transit light curve,
HD-209458 b by Charbonneau et al. (2000).

1.2 Combining the two methods: the physical proper-
ties

1.2.1 The mass-radius diagram

The two techniques outlined before enable us to determine the mass and radius of the
studied planets with the first detections for each technique shown in Fig. 1.4. With these
parameters, the average density of exoplanets can be calculated. This, in turn, places
particular constraints on their internal structure. Yet, for smaller planets, density alone
cannot uniquely identify their interior composition. Figure 1.5 displays confirmed ex-
oplanets to date (depicted as black dots) as a function of planetary mass and radius,
alongside mass-radius curves (solid lines) for planets made of pure substances like wa-
ter, rock, iron, hydrogen, and water. This diagram demonstrates that, for smaller planets,
various compositions can result in the same density. A planet with specific mass and
radius values might possess a significant amount of water ice (termed an ocean planet)
or have a substantial rocky iron core with some H, and/or He, as discussed by Zeng
et al. (2019).

1.2.2 The Rossiter-McLaughlin Effect

During transit, RV measurements can help determine a planet’s projected obliquity.
A prevalent method for assessing system obliquity involves detecting the Rossiter-
McLaughlin (Rossiter-McLaughlin (RM)) radial-velocity anomaly, initially observed
by Rossiter (1924) and McLaughlin (1924), in the context of binary eclipses. We often
refer to this method as the classical RM. Over time, other methods have been devel-
oped, including Doppler tomography (Collier Cameron et al. 2010) and reloaded-RM
(Cegla et al. 2016). All three techniques utilize high-resolution observations as the exo-
planet transits across the star’s disc. The underlying principle is the rotation of the stellar
disc from the observer’s perspective, leading to one hemisphere being red-shifted and
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Figure 1.5: Mass-radius diagram for exoplanets for which the mass and radius have
been both measured with a relative error better than 30%. The solid lines represent the
different compositions. The planetary data are taken from the NASA exoplanet archive
and updated to August 30, 2017. From Damasso et al. (2018).
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the other blue-shifted. As the planet transits its host star’s disc, it obscures areas with
different projected velocities. These obscured sections will be absent in the observed
stellar spectrum, causing spectral line deformation. The RM is highly influenced by the
system’s geometry and the star’s projected rotation speed (vsini). In the classical RM,
the alteration in radial velocity of the stellar lines due to decreased flux from the blue or
red-shifted hemispheres during transit is quantified. For example, if the planet conceals
blue-shifted regions of the stellar disc during transit, the observed spectral lines will
shift to red and vice versa (see Fig. 1.6). To a first approximation, assuming a spin-orbit
alignment angle (also referred to as projected obliquity) A ~0°, the semi-amplitude of
the Rossiter-McLaughlin Effect (RME) can be approximated as follows (Triaud et al.
2017):
2 <Rp) 2
Arm ~ = | = | vsini, V1 — b2, (1.5)
3\ R

where b represents the impact parameter, 2, is the planet’s radius, and R, is the star’s
radius. For stars that rotate rapidly and in systems where large planets orbit small stars,
the anomalous radial momentum increases since the planet obscures a larger section of
the star’s disc with a larger radial velocity. The Doppler tomography technique analyses
the variations in line shape during an exoplanet’s transit. By subtracting the average
line shape measured when the planet is not transiting, the dark areas (caused by the exo-
planet) on the star’s surface emerge as positive radial-velocity bumps that move in accor-
dance with the exoplanet’s position on the stellar disc. This bumps progression produces
a phenomenon known as the Doppler shadow, which can be modelled using parameters
similar to those used for the classical Rossiter-McLaughlin effect. The reloaded-RM
method involves reconstructing the velocity field obscured by the planet during transit
by examining line profiles. This approach is sensitive to differential rotation, can de-
termine the star’s true inclination ¢,, and considers additional stellar influences such as
convective blueshift and limb-darkening changes. Bourrier et al. (2017) have indicated
that conventional RM measurements of A\ may contain significant biases resulting from
alterations in line profiles.
The RM effect can be seen for different scenarios in Fig. 1.6. The RV collected during a
transit clearly show a behaviour depending on the geometry of the transit as in the three
cases illustrated. This can help us understand the geometry of the orbit of the planet and
retrieve key parameters such as the projected obliquity A. The impact of RME in the
analysis of high resolution data for the characterisation of planetary atmospheres will
be seen in Chapters 2, 3 and 4.

1.3 A brief insight on the exoplanets demography

The accumulation of various observational methods has led to the discovery of over
5800° exoplanets around different star types. Statistical estimates using different detec-
tion techniques, as Howard et al. (2010) and Batalha (2014) suggest, indicate that on
average, every star in the galaxy hosts at least one planetary companion, implying the

329/01/2025, according to the NASA Exoplanet Archive
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Figure 1.6: The RM effect of different exoplanets. Left panels: corresponding RV
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existence of billions of planets just within the Milky Way. Fig. 1.7 and Fig. 1.8 provide
a comparative analysis of known exoplanets and solar system planets, showcasing plots
of mass and radius versus orbital period. We do not know both radii and masses for all
the planets discovered nowadays, therefore the samples in the two figures do not fully
overlap. However, these comparisons reveal a vast diversity in exoplanet characteristics,
emphasizing the distinct nature of planetary systems compared to our solar system.

Exoplanet detection is biased towards large, closely orbiting planets, which are easier
to observe, resulting in their over-representation in exoplanet databases. Additionally,
many planets fall outside or below the detection capabilities of current surveys, render-
ing them virtually unseen. Fig. 1.8 shows that transit surveys are sensitive to the smallest
exoplanets, from smaller solar system-sized planets at 0.01 AU to slightly larger than
Jupiter at 1 AU. Fig. 1.7 shows that radial velocity surveys find Earth-mass planets at 1
AU and much larger ones, up to two orders of magnitude greater than Jupiter, at 10 AU,
while microlensing surveys can spot Jupiter-mass planets at 5 AU. Direct imaging sur-
veys, beyond 10 AU, mainly identify super-Jupiters. By integrating multiple detection
approaches, a comprehensive picture of planetary populations emerges, though obser-
vational biases must be acknowledged. Radial velocity and transit surveys reveal that
super-Earths (17, < 4Rg) and sub-Neptunes ([2, > 4R,) are the most prevalent exoplan-
ets and are commonly found within 1 AU, while giant planets, located between 1 and
10 AU, orbit a smaller portion of stars. We will delve into these planet types in detail in
the next Section, following an introduction to exoplanetary atmospheres.

Certain anticipated samples have been observed to be absent from the radius-period dia-
gram in Fig. 1.8, among which the radius valley, or Fulton gap, and the Neptunian desert.
According to Fulton et al. (2017), there is a scarcity of close-in planets—those with or-
bital periods under 100 days—in the radius range between 1.5 and 2 R,,. This area is
termed the radius valley, located around 1.8 R, and is not visible in Fig. 1.8 because of
the scale. With the Neptunian desert we denote the region that would contain hot sub-
Saturns, given their smaller masses compared to hot Jupiters and Saturns. However,
very few planets have been found in what is also referred to as the evaporation desert
(middle-left region of Fig. 1.8). While the causes of the radius valley remains uncertain,
various plausible explanations exist for the Neptunian desert. A prominent mechanism
is photo-evaporation, which can significantly impact low-mass planets with hydrogen
envelopes positioned within ~0.1 AU. Owen & Wu (2017) found that evaporation can
inherently explain why exoplanets are sparse around the evaporation desert, contin-
gent on the atmospheric masses they possessed before beginning atmospheric mass loss.
Specifically, planets prone to atmospheric mass loss will either shed mass until entirely
stripped or achieve a stable atmospheric mass. The evaporation or radius valley occurs
between planets with stripped cores and those capable of sustaining their atmospheres.
The absence of planets in this region is due to the complete removal of their envelopes
if their atmospheric mass fraction (M ,,,/ M .ore) Was originally below 0.01. Conversely,
the evaporation desert arises from planets with atmospheric mass fractions around 1 that
evolved to lower mass (Owen 2019). I will discuss the effect of photo-evaporation in
the work introduced in Section 4.2 regarding the photo-evaporation of TOI-5398 b.
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1.4 Exoplanetary atmospheres

Exploring the atmospheres of exoplanets offers a promising approach to resolving the
degeneracies in potential internal compositions for planets with specific masses and
radii. Furthermore, investigating these atmospheres is crucial for bridging the gap be-
tween a planet’s interior and its atmosphere while addressing various scientific inquiries.
For instance, atmospheric study enables detailed descriptions of known exoplanets, in-
cluding molecular makeup, haze or cloud presence, and temperature-pressure inversion
profiles (e.g., Madhusudhan et al. 2016). It links atmospheric composition to plane-
tary formation and migration, with accurate assessments of elemental abundances, like
C, H, and O, providing insight into the formation locations within the protoplanetary
disk (e.g., Madhusudhan et al. 2014). Moreover, by analysing atmospheric circulation,
temperature-pressure profiles, chemical compositions, and biomarkers, one can eval-
uate an exoplanet’s surface conditions and potential habitability (e.g., Seager 2013).
As the diversity of discovered exoplanets grows and the first transiting planets are de-
tected, significant efforts have focused on detecting and comprehending their atmo-
spheres. HD209458 b was notably the first transiting planet with an atmospheric de-
tection, made by Charbonneau et al. (2002) using the Space Telescope Imaging Spec-
trograph (STIS) on the Hubble Space Telescope (HST), where sodium (Na 1) line
absorption was prominently observed. This discovery sparked a rapidly expanding area
of study, driven by advancements in astronomical technology and extensive atmospheric
modelling efforts. Theoretical research plays a crucial role in predicting the atmospheric
species of specific exoplanets.

In the next subsections, I will introduce the different types of exoplanets, especially
focusing on their expected atmospheric properties.

1.4.1 Hot Jupiters

Hot Jupiters are massive gas giants with masses and sizes comparable to that of Jupiter
(Mp ~ 0.3 -3 My, R, ~ 0.2 - 2Ry, Stevens & Gaudi 2013) orbiting their stars in less
than 10 days. They reside in close proximity to their stars (a < 0.1 AU), receiving
intense stellar radiation, which results in equilibrium temperatures ranging from 800 to
2200 K. For over ten years, they were the predominant type of exoplanets discovered,
largely because they are the simplest to spot via transit and radial velocity methods.

Since massive planets are unlikely to originate in the hot inner areas of a protoplanetary
disk, various early evolution scenarios have been suggested to explain their brief orbital
periods. Hot Jupiters might migrate through gas disc migration, where a giant planet
shifts before the protoplanetary gas disc disperses by transferring angular momentum
with the disc or by high-eccentricity migration, a process allowing planets with high
eccentric orbits to alter their trajectories over time due to interactions with other celestial
bodies, such as other planets or the disc’s gas and dust (see Baruteau et al. 2014; Rasio
& Ford 1996, and references).

Despite their detection is biased by instrumental limitations, Hot Jupiters are inherently
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uncommon, with an occurrence rate around main sequence stars of merely about 0.5 -
1% (Fressin et al. 2013). Their prevalence is significantly influenced by the metallicity
of the host star, as metal-rich stars tend to host gas giant planets more frequently (Fischer
& Valenti 2005). The metallicity of the host star can indicate the quantity of material
available on the protoplanetary disc for forming giant planets through core accretion
(Johnson et al. 2010).

In the field of exoplanet atmospheric science, Hot Jupiters are extensively studied due
to their considerable expected spectral features. This is attributed to their high temper-
atures and substantial circumference, which result from their size and extended scale
heights (see Section 1.5 for the definition). For example, the scale height of hot Jupiter
HD-209458 b is approximately 550 km (Lecavelier Des Etangs et al. 2008), compared to
Earth’s 11 km. HD-209458 b also has an orbital period of about 3.5 days. Situated close
to their host stars, hot Jupiters endure intense irradiation, reaching equilibrium tem-
peratures over 1000 K. These elevated temperatures were first theoretically predicted
by Seager & Sasselov (2000) and have been empirically validated through secondary
eclipse observations conducted with Spitzer, revealing strong infrared emissions from
several exoplanets. At these temperatures, a planetary atmosphere is expected to be
mainly composed by H,O (water vapour) and Hy, being the H,O the most significant
spectral feature expected in their atmosphere (Seager & Sasselov 2000), particularly in
the infrared. Water vapour absorption has been identified in the atmosphere of several
hot Jupiters (Deming et al. 2013). Depending on the metallicity and temperature of
these planets, other atoms and molecules can also be found in their atmosphere, such
as carbon monoxide (CO), carbon dioxide (COs), and methane (CH,) as several studies
found (e.g., Snellen et al. 2010; Brogi et al. 2012). At the higher temperatures of very
hot Jupiters, titanium oxide (TiO) and vanadium oxide (VO) could also cause strong
features in the transmission spectra. The detection of atomic and molecular species may
be difficult due to the presence of hazes, small particles suspended in the atmosphere
of exoplanets that can be probed by the detection of a Rayleigh scattering slope in the
transmission spectrum (Lecavelier Des Etangs et al. 2008), which results from the dis-
persion of starlight at bluer wavelengths by small particles. This feature has already
been observed in several hot Jupiters and Neptune-sized planets (Murgas et al. 2020).
However, star spots in the stellar surface could mimic the Rayleigh scattering feature
(Oshagh et al. 2014). On the other hand, the presence of clouds in an atmosphere,
masses of solid and/or liquid particles produced by the condensation of atmospheric
gases, can naturally explain featureless transmission spectra.

1.4.2 Ultra Hot Jupiters

In recent years, a distinctive category of exoplanets known as ultra-hot Jupiters has been
identified. These are tidally locked gas giants that orbit very close to early-type stars
(A-F), completing their orbits in mere hours or days. The intense irradiation these plan-
ets receive results in extreme temperature gradients between their day and night sides
(Komacek & Showman 2016). This strong stellar radiation heats the gas, potentially
causing the planets’ atmospheres to expand beyond their Roche lobes (e.g., Yan &
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Henning 2018), which may induce atmospheric evaporation processes. The equilibrium
temperatures of these planets exceed 2000 K (usually 2200 K is the threshold adopted
to distinguish between a Hot Jupiter (HJ) and an Ultra Hot Jupiter (UHJ)) and can
peak above ~ 10,000 K in the exospheres of their day sides (Wyttenbach et al. 2020).
The night side is thought to be cloudy and element-poor, whereas the day side, free of
clouds, consists of a thermal ionosphere due to ionization of neutral elements by stellar
radiation (Helling et al. 2019). Unlike cooler Jupiters, ultra-hot Jupiters lack water vapor
in their day-side atmospheres because the high temperatures dissociate such molecules.
Observations have consistently evidenced this, revealing a plethora of metals like Na I,
Caii, Ca1l, Fe 1, Fe 11, and Mg I in their atmospheres (e.g., Hoeijmakers et al. 2019).

A notable feature of these planets is their atmospheric structure, with various studies
showing thermal inversions, where temperature increases with altitude. The identified
emissions of species like Fe 1, TiO, and H,O (e.g., Pino et al. 2020) serve as direct
proof of these temperature inversions. Theoretically, stronger temperature inversions
are expected in ultra-hot Jupiters orbiting early-type stars, as predicted by Lothringer
& Barman (2019). Furthermore, the stark day-night temperature contrasts are likely
to drive significant atmospheric circulation, with horizontal winds potentially reaching
speeds comparable to the speed of sound (Showman et al. 2020). Despite the relatively
limited number of known ultra-hot Jupiters, they have become focal points of study due
to the brightness of their host stars, their high temperatures, and favourable planet-to-
star radius ratios, making them ideal for atmospheric investigations as shown by the
atmospheric characterisation of KELT-9 b, the hottest exoplanet known, in Section 2.1.

1.4.3 Super-Earths and Sub-Neptune

Kepler’s findings notably revealed a significant number of planets sized between 1-4
Ry absent in our solar system, sparking interest in their formation and evolutionary
processes. This group includes both gaseous, Neptune-like planets and smaller, rocky
super-Earths. Approximately half of solar-type stars possess at least one planet smaller
than Neptune, according to Fressin et al. (2013). Unlike giant planets, which show a
marked correlation between abundance and stellar metallicity, planets with R, ~ Rg
exhibit only a weak, if any, dependence based on metallicity, although there is a notice-
able increase for short-period (10-100 days) planets (1.7 - 4.0 Ry) around metal-rich
stars, as noted by Petigura et al. (2018). The bulk density distributions of these planets
vary more than those of hot Jupiters, as reported by Lopez & Fortney (2013) for exam-
ple. The prevailing theory for their formation involves the accretion of solids beyond
several AU, followed by migration through the gas disc. Post gas-disc dissipation, these
planets evolve through mechanisms shaping their final masses and compositions. They
may have solid surfaces with minimal atmospheres mainly composed of Si, Mg, Fe,
C, and O, or they may act as transitional planets with rocky cores enveloped in H-rich
atmospheres or significant H,O ices/fluids. In contrast to the primitive atmospheres of
giant planets, these bodies may exhibit evolved atmospheres potentially containing di-
verse species, offering insight into their formative and evolutionary histories. Due to
the relative small size of their atmospheres and their smaller surface gravity, Hot super-
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Earths and sub-Neptune planets are likely the most prone to evaporation and potential
atmospheric loss which can be detected by analysing their hydrogen and/or helium en-
velopes as already done for Saturn-mass planets (e.g., Nortmann et al. 2018, and Section
4.2), and warm Neptunes (e.g., Palle et al. 2020a). In this context, Seager & Sasselov
(2000) proposed that substantial EUV (10-92nm) and X-ray (0.5-10nm) radiation could
lead to strong HeIabsorption features at 1083 nm in their transmission spectra. The
EUV flux first ionizes He I'into He II, that then recombines back to He I populating the
triplet 23S metastable state, which subsequently scatter in the 23S-23P transition. Ex-
ploration of HeIas a proxy for atmospheric evaporation, as suggested by Oklopci¢ &
Hirata (2018), highlights its potential for assessing mass loss from stellar irradiation
(see also Sanz-Forcada et al. 2022). Interstellar absorption significantly impacts studies
of hydrogen Lyman « (Ly-«) lines, traditionally used to monitor atmospheric escape.

1.5 Transmission Spectroscopy

One of the primary goals when investigating exoplanet atmospheres is to characterize
Earth-like planets to determine their potential habitability. However, the quest to explore
planets similar to Earth must remain on hold—despite the relative abundance of Earth-
like planets in the cosmos (Bryson et al. 2020), our current telescopes and instruments
are not yet capable of studying the atmospheres of Earth analogs. The discovery of a
notably large number of exoplanets orbiting very close to their stars, at distances less
than about 0.05 AU and with short orbital periods, has made it possible to start examin-
ing the atmospheres of some of these planets. Due to their proximity to their stars, these
planets exhibit high temperatures, leading to greater planet-to-star contrast. Moreover,
hot planets are particularly interesting because the elements that compose them remain
in a gaseous state in their atmospheres. For this reason, atmospheric observations are
a probe of the planet’s composition, unlike colder planets, where various elements are
in a condensed state. Despite the numerous exoplanets identified to date, atmospheric
characterization studies have been conducted on only a small fraction of 247 planets*.

1.5.1 A quick look at the physics of transmission spectroscopy

In this section I summarise this technique which is used and deepen trough all the Chap-
ters of this thesis.

A detailed insight on the physics of transmission spectroscopy can be found in Tinetti
et al. (2012) and can be seen in Fig. 1.9, where the path of the starlight crossing the
planetary atmosphere is shown.

Planets with short orbital periods situated very near to their host stars have a higher
chance of experiencing transit events, with an occurrence rate of about 10% for hot
Jupiters. During a transit, the exoplanet crosses in front of its host star relative to our

*According to the IAC community database for exoplanet atmospheric observationshttps://
research.iac.es/proyecto/exoatmospheres/index.php
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Figure 1.9: Illustration of the paths of the stellar photons filtered through the planetary
atmosphere during a primary transit observation with the observer being placed on the
right of the image. Adapted from Tinetti et al. (2012).
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viewpoint, obstructing a portion of the star’s light (see Fig. 1.3). The reduction in stel-
lar flux received, denoted 9, can be measured with great precision and is proportional
to the projected area of the planet relative to the star, as described approximately by
Eq. 1.3, where R, is the planet’s radius and R, is the well-determined star’s radius,
while minor effects from stellar limb-darkening are disregarded in Eq. 1.3. The pri-
mary transit enables us to acquire transmission spectra probing the exoplanet’s termi-
nator region, the area between the illuminated and dark sides of the planet, leading to
signatures embedded in the stellar flux. When stellar light traverses the exoplanet’s at-
mosphere, it is absorbed and scattered at frequencies characteristic of the constituent
atoms and molecules. Consequently, the atmosphere becomes opaque at these specific
wavelengths, and the exoplanet appears to have a slightly larger radius, measurable from
the transit depth. Thus, assessing transit depth across different wavelengths yields the
transmission spectrum of the exoplanet.

A transmission spectrum is thus an absorption spectrum, due to the atoms and molecules
present in the atmosphere of the terminator region. As short-period planets are usually
tidally locked, with extreme day-night temperature gradients, probing the planetary ter-
minator can provide information on the presence of atmospheric circulation (e.g., winds)
that redistribute the energy between the two planetary faces (Showman et al. 2020).

1.5.2 The Transmission Spectroscopy Metric

There are several ways to establish whether a transiting planet is a good candidate for
transmission spectroscopy, with the Transmission Spectroscopy Metric (TSM) de-
veloped by Kempton et al. (2018) being the most used. This metric is based on the
calculation of the exoplanet atmosphere annulus area (TA) with respect to the stellar
disc area, which can be defined as follows:

A (R, +nH)* — 7TR§’
TR?

(1.6)

where R, represents the planet’s radius, /1 denotes the atmospheric scale height, n
indicates the count of H needed to determine the entire thickness of the atmosphere (
nH), and R, refers to the stellar radius. On expanding this equation and disregarding
the second-order term similar to 2, we derive an approximate measure of the spectral

features’ strength:
2R,nH
TA ~ RE

(1.7)

In the previous Equations, we introduced the atmospheric scale height, H, defined as

kgT.
H=18"« (1.8)
pwmpg
with £ the Boltzmann’s constant, 7, the equilibrium temperature of the planet,m the
mass of the hydrogen atom, ; the mean molecular weight, and g the gravity. Note that
g=GM,/ R§ with G the gravitational constant and 1/, the mass of the exoplanet. The
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scale height is a good estimate of the atmospheric extension, retrieved by combining the
hydrostatic equilibrium equation:

dP
= 1.9
where p is the density, with the equation of state of an ideal gas:
M, P
= 1.10
P =R, (1.10)

giving therefore, the height where the pressure exponentially decreases. Considering
the definitions above and including the brightness of the star (mag) as an estimation of
the signal-to-noise ratio (S/N), from Eq. 1.7 we obtain the transmission spectroscopy
metric (TSM) as defined in Kempton et al. (2018):

3

TSM = (Scale fact ol g
= ( caefacor)xmx

mag
— £

5 (1.11)

The scale factor integrates various constants along with p and n, which are challenging
to ascertain. For an atmosphere primarily composed of Hy and He I (10%), pn ~ 2.3
serves as a suitable approximation; an atomic hydrogen atmosphere corresponds to j =
1.3, whereas a completely dissociated hydrogen atmosphere uses ;1 ~ 1. Meanwhile,
n not only depends on the specific atmosphere but is also influenced by the spectral
resolution of the observations. By calculating the TSM parameter, one can evaluate the
anticipated transmission spectroscopic signal across various known planets. In Section
4.2 we discuss the importance of the TSM in the case of warm saturn TOI-5398 b.

The initial observation of an atmosphere around an exoplanet was conducted by Char-
bonneau et al. (2002). By utilizing the approach suggested in Seager & Sasselov (2000),
which involves dividing the transit observations—comprising both planetary and stel-
lar signals—by those taken outside transit (displaying only the stellar spectrum), they
acquired an optical transmission spectrum of HD209458 b. This spectrum revealed a
sodium absorption feature at 0.023 £ 0.006%. Notably, HD209458 b is the planet with
the highest TSM when considering the scale factor (see Hord et al. 2024, for a recent
list of the TSM values). This pioneering detection was succeeded by numerous others.
For example, Vidal-Madjar et al. (2003) discovered hydrogen in HD209458 b’s atmo-
sphere, and Tinetti et al. (2007) achieved the first molecular detection of water vapour
in the atmosphere of the hot Jupiter HD189733 b.

Recent studies of atmospheres around exoplanets closely orbiting their stars primarily
utilize two methodologies: (a) Low-resolution spectroscopy (LRS) conducted with tele-
scopes situated in space, and (b) High-resolution spectroscopy (HRS) performed using
ground-based facilities. An essential characteristic of a spectrograph is its 'resolving
power’ (R = A/AM), which defines the tiniest wavelength distinction that can be dis-
cerned at that particular wavelength. This is also expressed relative to the Doppler effect,
as the ratio of the speed of light to the smallest detectable Doppler velocity:

R=\AX=c/Av (1.12)
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It is important not to conflate the resolving power with the spectral binning, which
refers to the wavelength interval (A)) separating two successive points in the transmis-
sion spectrum. Spectral resolution is related to a spectrograph’s capacity to differentiate
between very nearby spectral lines and analyse their profiles. We will refer to spectro-
graphs with R > 20000 as "high-resolution,” and those with R > 100 and R < 2000 as
"low-resolution.’

In the next Sections I will discuss these two techniques that will be used in the works
deepen in this thesis.

1.5.3 High-Resolution Spectroscopy

Over the past ten years, high-resolution spectroscopy (R > 20000) has emerged as
a prevalent approach for exploring exoplanetary atmospheres. Unlike low-resolution
methods, high-resolution techniques do not focus on variations in the planet-to-star ra-
dius ratio across different wavelengths but instead aim to detect the direct influence of
the exoplanet’s atmosphere on the host star’s spectrum. This is achieved by identifying
additional spectral features, facilitated by the varying velocities of the star, Earth, and
exoplanet. The inaugural high-resolution study of an exoplanet’s atmosphere used the
Hobby-Eberly Telescope (R ~ 60000) and successfully resolved Na 1 doublet lines in
HD189733 b’s atmosphere (Redfield et al. 2008). A few years later, Snellen et al. (2010)
employed the cross-correlation method to identify CO molecules in an exoplanet atmo-
sphere for the first time, using the CRyogenic high-resolution InfraRed Echelle Spec-
trograph (CRIRES; R ~ 50 000 - 100 000) at the VLT. The first paper to describe the
modern technique for deriving transmission spectra from high-resolution data was by
Wyttenbach et al. (2015), utilizing the High Accuracy Radial velocity Planet Searcher
(HARPS; R ~ 115 000) at European Southern Observatory (ESO)’s La Silla 3.6m
telescope, where Na I was detected once more in HD189733 b’s atmosphere. Since
then, the use of high-resolution spectroscopy for atmospheric studies has escalated dra-
matically.

Working with high resolving power instruments has two big advantages:

* First of all, at high spectral resolution each molecule is resolved into a dense
forest of individual lines. These lines are unique for every molecule, are like
fingerprints. Therefore it is easy, at least in principle, to understand, through line-
matching with model templates, which atmospheric constituent we are dealing
with (see Fig. 1.10);

» Secondly, at high spectral resolution we can distinguish the planetary motion from
the stellar, and telluric contamination. Since the planet moves around its host star,
its spectrum is Doppler shifted in the order of tens km s~!which is 1000 greater
than the changing component of the star radial velocity.

There are two primary methods that have emerged for investigating an exoplanet’s at-
mosphere using high-resolution spectroscopy. The first method involves deriving the
transmission spectrum of an exoplanet around distinct spectral lines, like the Na I dou-
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Figure 1.10: The effect of decreasing spectral resolution. The two panels show differ-
ent wavelength regions of a model hot Jupiter atmosphere containing water and carbon
monoxide. The model has been convolved to different spectral resolutions. The over-
plotted points represent the typical resolution resulting from current space-based ob-
servations and trace out only broad molecular features. Note how many individual CO
lines are lost between a resolution of R=100000 and R=300. From Birkby (2018).

20



Section 1.5: Transmission Spectroscopy

blet or the He I triplet, as well as other elements that generate a few detectable lines in
the transmission spectrum. The second method, primarily employed to identify species
that produce thousands of weak individual spectral lines in the transmission spectrum,
is the cross-correlation technique. These methods are complementary and can be simul-
taneously applied through a consistent observation strategy of the host star, conducted
continuously before, during, and after the exoplanet transits.

Single Line Analysis

Wyttenbach et al. (2015) has established itself as a key reference for extracting the
transmission spectrum at specific lines of an exoplanet, utilizing high-resolution spec-
troscopy. This approach relies on differential spectroscopy, which involves comparing
stellar spectra captured during the planet’s transit across the stellar disc with those ob-
tained when the planet is not transiting. Despite the seemingly straightforward nature of
this technique, the high resolution of the spectra introduces some critical challenges that
must be addressed, including correcting for Earth’s atmospheric interference and man-
aging the radial velocities of the three bodies involved in the observations. In fact, when
the starlight reaches the telescope on Earth, the spectrum observed contains the stellar
signal, the possible planetary atmosphere and the Earth atmospheric contaminations.
The several steps involved in the analysis are listed in the next paragraphs.

The Earth contribution: the telluric lines The first step in the analysis involves
preprocessing the spectra to remove contamination from Earth’s atmosphere, known as
telluric absorption, which is caused by molecules such as water vapour, oxygen, and
carbon dioxide. These telluric features can overlap with the planetary signals and must
be carefully removed to ensure accurate measurements.

For a period, the primary approach was the one introduced by Vidal-Madjar et al. (2010)
and Astudillo-Defru & Rojo (2013), which has been employed in numerous atmospheric
research studies (e.g., Wyttenbach et al. 2015). This technique is based on the assump-
tion that the telluric lines across the night vary in a manner proportional to the airmass
changes. Based on this assumption, it’s possible to scale all spectra’s telluric lines to
the same airmass. Nevertheless, as mentioned in Casasayas-Barris et al. (2017), consid-
ering the Earth’s orbital movement during the night, dividing spectra that are not in the
Earth’s rest frame leads to residuals in the positions of telluric lines due to slight mis-
alignments. Additionally, rapidly rotating standard stars have been employed to adjust
telluric lines (e.g., Casasayas-Barris et al. 2018).

Currently, one of the most used tools, and the primary used in this thesis, is Molec-
fit (Smette et al. 2015; Kausch et al. 2015), as the telluric lines are totally corrected,
achieving a noise level precision. This advanced software developed by ESO (European
Southern Observatory) models the telluric absorption based on real-time atmospheric
conditions. Molecfit generates synthetic transmission spectra of Earth’s atmosphere
(see Fig. 1.11), which are fitted to the observed data to identify and correct for telluric
features. Molecfit is the tool used in all the works described in Chapter 2, 3 and 4.
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Figure 1.11: Synthetic absorption spectrum of the sky between 0.3 and 30 pm calculated
with LBLRTM module from Molecfit with a resolution R ~ 10000 using the annual
mean profile for Cerro Paranal. The eight main molecules Oy, O3, H,O, CO, CO,,
CH,4, OCS, and N5O contribute more than 5% to the absorption in some wavelength
regimes. The red regions mark the ranges where they mainly affect the transmission,
minor contributions of these molecules are not shown. The green regions denote minor
contributions from the other molecules. From Smette et al. (2015).
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Other employed techniques to remove the telluric lines involve the use of the Principal
Component Analysis (PCA) algorithm. The flux in each pixel as a function of time can
be described through a set of auto-vectors (air mass, throughput, water vapour content,
etc.) and their corresponding eigenvalues. The PCA aim is to find a set of auto-vectors
whose linear combination represents every possible temporal trend present in between
the various spectral channels. The PCA technique has been used in several studies
regarding near Infra-Red spectroscopy such as Damiano et al. (2019) for the detection
of H,O and CO in the atmosphere of HD209458 b and HD189733 b with CRIRES, or
Giacobbe et al. (2021), where it helped detecting five molecules in the atmosphere of
HD209458 b with GIANO-B.

Once the telluric lines are eliminated, we remain with the residuals which contain the
planetary signal buried in the stellar one.

The stellar contribution: the graveyard of planetary lines When using high res-
olution observations, the radial velocities of the observer and the target are noticeable
as shifts in the stellar spectra. First, as we are observing from Earth, we need to con-
sider its radial-velocity variation during the observations. Although this change is small
during the night (~ 1 kms™!) its absolute radial velocity can be of the order of tens
of kms~!depending on the position in the orbit around the Sun, the target we are ob-
serving, and the position of the observatory on the Earth surface. Second, the star we
are observing (and the planets that are part of the extrasolar system) is approaching or
moving away from the Solar system. This is the so-called systemic velocity, and it is
due to the movement of the stars inside the Galaxy. Third, the target of our observations
is a star hosting at least one planet. If we imagine a two-body system (one planet and
one star) for simplicity, due to the gravitational field, the planet pulls the star around
the centre of the system while moving along its orbit, and vice-versa. This movement is
translated to a radial-velocity change of the star that can be well defined by a Keplerian
orbit around the system barycentre as described by Eq. 1.1. Finally, during the transit,
the exoplanet changes its position along the orbit with respect to the observer’s line-of-
sight. Similarly to Eq. 1.1, assuming a circular orbit (e = 0) and M, << M,, the planet
radial-velocity semi-amplitude is given by:

Kp = , (1.13)

where K, has been defined in Eq. 1.1. Once the spectra have been corrected of telluric
contamination and are shifted to the stellar rest frame where all stellar lines are exactly
at the same position, we can proceed with the extraction of the transmission spectrum
hidden among the stellar lines.

The standard procedure to remove the stellar contribution from our spectra consists in
computing a high S/N stellar spectrum that results from the combination of all spectra
taken when the planet is not transiting. Then, all spectra are divided by this stellar spec-
trum, called master-out-of-transit. Following this division, under ideal circumstances,
we anticipate observing inclined absorption features during transit, corresponding to
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the planet’s anticipated radial velocity shift, as depicted in Fig. 2.2. The planet’s radial
velocity at each exposure can be determined by:

RV = K, sin(2m¢), (1.14)

where ¢ signifies the planet’s orbital phase at that specific exposure. These velocities
allow us to adjust the absorption features to the planet’s rest frame using the Doppler
shift described by Eq. 1.12, ensuring alignment. Ultimately, all the in-transit residuals
are aggregated to construct the transmission spectrum. The procedure listed in this
Section will be seen again in detail among the several works in this Thesis.

The role of the stellar activity With stellar activity we include all stellar processes
that may change the stellar spectrum in the time scales of the observations, such as
stellar activity or pulsations. In the visible, stellar activity can become very important
for particular stars (Cauley et al. 2018), making the atmospheric study of the exoplanets
in these systems extremely challenging. This is the case, for example, of exoplanet AU
Mic b, a Neptune-sized planet orbiting a very young (~ 20 Myr) pre-main sequence M
dwarf. Palle et al. (2020b) attempted to study the atmosphere of AU Mic b, concluding
that the strong emission observed in the stellar lines produced by stellar activity and its
variation during the observations do not permit the study of the exoplanet atmosphere.
One the other hand, pulsating stars introduce time-variations in the stellar continuum
and lines. When searching for absorption excess from the exoplanet atmosphere in
the stellar spectrum, the identification of the exoplanet signals can be hampered by
pulsation features. One example is WASP-33 b, an ultra hot Jupiter orbiting a ¢ Scuti
star that pulsates every ~ 1 hour (von Essen et al. 2019). Although the detection of
WASP-33 b’s atmosphere has been possible (Yan et al. 2019), several pulsation features
are observable in the transmission spectrum.

The RME + Centre to Limb Variation (CLV) Recently, two effects have started to
gain importance as additional challenges when attempting to detect exoplanetary atmo-
spheres: the RM effect (RME) and the CLV.

The importance of the RM effect in atmospheric studies was first pointed out by Louden
& Wheatley (2015). This effect is produced due to the different projected velocities of
the stellar surface that are blocked by the planet (see Fig. 1.6). Due to the symmetry of
the RME, this effect is expected to be small in the stellar rest frame. However, in the
planet rest frame (where the absorption of the exoplanet is expected) the symmetries are
broken and spurious signals appear in the transmission spectrum. It is very important to
note that, in addition to the intrinsic strength of the RME, which depends on the geom-
etry of the planet-star system (see Eq. 1.5), the planet radial-velocity change during the
observation is crucial in order to disentangle the atmospheric absorption from the RM
effect. The CLV may also potentially affect the line profiles during transits. The stellar
continuum in the photosphere has lower intensity near the stellar limb with respect to
the centre of the disc. This effect is related to the optical depth of the photosphere. The
balance between the lines formed at different heights depends on the limb angle and the
stellar latitude. Although the impact of this effect in the final transmission spectrum is
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usually fainter than the RM effect, it has been observed that, in some cases, the strength
of the CLV effect can be of the same order as some of the atmospheric signals detected
on hot Jupiters (e.g., Yan et al. 2017; Czesla et al. 2015; Khalafinejad et al. 2017). For
terrestrial planets, for which the atmospheric features in the transmission spectra will be
fainter, the CLV and RM effects are expected to be critical.

In Section 2.1.2 and 4.2.2 T will discuss how I modelled and removed the Rossiter-
Mclaughlin Effect and the Center to Limb Variation, before computing the transmission
spectrum. An example of RME+CLYV effect can be seen in the 2d maps in the top panels
of Fig. 2.2 as the brighter region in contrast with the atmospheric signal represented by
a darker region. While in the mid panel I show the modelling of both effects.

The cross-correlation technique

The single line analysis is a powerful tool to retrieve important information on the atmo-
sphere of an exoplanet as discussed in Section 2.1. However, it requires a high S/N and
deep lines such as the Balmer ones as the sodium doublet. To still be able to detect thin
spectral lines in a planet’s atmosphere is possible to make use of the cross-correlation
(CC) with model templates. This technique exploits the fact that is known precisely
at what wavelengths certain lines are formed, and by selecting a sufficient number of
spectral lines we average out the photon noise to obtain the measurement of some av-
erage spectral line. The cross-correlation technique is based on the comparison of a
synthetic atmospheric spectrum with the reduced data, after removing the stellar contri-
bution from the observed spectra.

The CC takes the following mathematical form:

N
CC(v) =Y xTi(v). (1.15)

Here z; are each of the NV spectral points in the planet’s spectrum, 7; are the correspon-
dent values of the template Doppler shifted to radial velocity v. This template takes
non-zero values inside a spectral line, but it is zero in between the lines. This operation
is identical to a weighted average of x for all values i that are inside the spectral lines
of interest. There are similar mathematical implementations in the literature, but they
all rely on averaging many spectral lines to effectively reduce the noise in the measure-
ment. Although we know the relative positions of all the planet’s spectral lines given
by quantum mechanics, we may not know the instantaneous Doppler shift of the entire
spectrum. So we compute this average over a range of Doppler shifts applied to the
template, making the template-dependent on the radial velocity v. In this way, we com-
bine all the molecular lines of the planetary spectrum in one single function (the cross-
correlation function, Cross Correlation Function (CCF)). In other words, through the
CC technique, we scan the model through the residuals and evaluate how much the tem-
plate is a good fit for our observations. At the correct radial velocity, when the template
is exactly aligned with the planetary spectrum, meaning that they have the same Doppler
shift, the CCF reaches the maximum . Typically this CCF will be computed for every
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spectrum obtained during the time series. Since the radial velocity of the planet changes
throughout the transit, the peak location of the CCF has shifted accordingly. We can
therefore construct the CCF along two dimensions where the horizontal direction is the
radial velocity and the vertical direction is the time series. Different planetary radial
velocity semi-amplitude are then tested to shift the CCFs in the planetary rest frame. In
this way, we construct a velocity-velocity diagram composed of different realizations of
the one-dimensional time-averaged CCF. At the correct orbital velocity, the signal of
the planet adds constructively and the time-averaged CCF are maximized. The max-
imum of this velocity-velocity matrix gives us the best-fitting planet’s radial velocity
semi-amplitude, which can be used to derive the planetary mass and orbital inclination
respectively if we are dealing with a non-transiting planet. An example of CC applied to
HD209458 b can be found in Fig. 1.12 from Giacobbe et al. (2021), where in the differ-
ent panels is shown the velocity-velocity diagram introduced above for different atomic
species. We introduce other application of the CC technique to detect both atomic and
molecular species in the next section.

A resume of high resolution spectroscopy findings

As already discussed, one of the major advantages of using high resolution spectroscopy
is that we are not only able to detect chemical species, but also to resolve single spec-
tral lines from an exoplanet atmosphere, opening a window to study the dynamics and
properties of the layers where the spectral lines are formed (Lecavelier Des Etangs et al.
2008).

The examination of individual spectral lines began in the visible spectrum when Red-
field et al. (2008) successfully resolved the Na 1 D lines in the atmosphere of exoplanet
HD 189733 b, utilizing high-resolution observations with the Hobby-Eberly Telescope.
Some years later, Wyttenbach et al. (2015) again observed Na I in this planet’s atmo-
sphere, this time employing HARPS observations. Subsequent analyses using HARPS
and HARPS-N transit observations on other hot Jupiters yielded similar findings (e.g.,
Casasayas-Barris et al. 2017; Chen et al. 2020). The presence of this element has
also been confirmed in the atmosphere of WASP-52 b utilizing the ESPRESSO (R
~ 140000, Pepe et al. 2014; Chen et al. 2020).

Conversely, leveraging the near-infrared component of the Calar Alto high-Resolution
search for M dwarfs with Exoearths with Near-infrared and optical Echelle Spec-
trographs (CARMENES) spectrograph (Quirrenbach et al. 2014), researchers made
the initial observation of metastable He I at 1038nm in the atmospheres of the sub-Saturn
mass planet WASP-69 b (Nortmann et al. 2018) and the Neptune-mass planet HAT-P-
11 b (Allart et al. 2018). Following these findings, other studies identified He Iin the
atmospheres of model hot Jupiters such as HD209458 b (Alonso-Floriano et al. 2019)
and HD 189733 b (Salz et al. 2018), as well as in smaller bodies like the warm Nep-
tune GJ-3470 b (Palle et al. 2020a). In recent years, Guilluy et al. (2020) reported the
observation of He 1in HD189733 b using the GIANO-B spectrograph at the Telescopio
Nazionale Galileo (TNG), prompting a more in-depth examination of the He I triplet
by the Italian Global Architecture of Planetary System (GAPS) consortium (Guil-
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Figure 1.12: Detection significance for H,O, CH,, NH3, CyH,, HCN, CO, and COs.
Each panel shows the CC, as a function of the planet maximum radial velocity (KP) and
the planet rest-frame velocity (Vrest). White dashed lines denote the known velocity of
HD 209458 b, that is (KP, Vrest) = (145, 0) kms~!. From Giacobbe et al. (2021).
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luy et al. 2022a, 2023). In Guilluy et al. (2024), discussed in Chapter 4, we continued
this line of inquiry by analysing the He I triplet in a selected group of targets, including
GJ-3470 b and HAT-P-11 b mentioned earlier. Detecting molecules and atomic species
with weaker features requires the use of the cross-correlation technique. Due to their
extremely high temperatures, several ions have been detected in the atmospheres of ul-
tra hot Jupiters, with most of the studies performed using high resolution spectroscopy
observations and the cross-correlation technique. Absorption of single lines such as the
Na 1 doublet, magnesium (Mg 1), ionised calcium (Ca 11), and the hydrogen Balmer
lines have been detected in several of them with different facilities as deeply discussed
in Chapter 2 when introducing my work on KELT-9 b, the hottest planet known to date,
with an equilibrium temperature around 4000 K. In this target, in addition to the well
known neutral and ionised iron (Fe 1, Fe 11; e.g., Hoeijmakers et al. 2018), the observa-
tions show an extremely rich atmosphere of rare neutral and ionised metals such as Sc
11, Ti 11, Crll, and Y 11 as recently discovered by Borsato et al. (2023).

Several works presented in this thesis follow the path set by the works introduced above
employing mostly the single line analysis but also the cross-correlation with templates.
In Chapter 2, 3 and 4, I focused on the importance of single line analysis to charac-
terise the exoplanetary atmospheres via retrieving information, e.g., on the height of the
species in the atmosphere, on the presence of winds and on the indication of star-planet
interaction.

1.5.4 Low-Resolution Spectroscopy

Although using very high resolution we are able to resolve the spectral lines taking ad-
vantage of the Doppler velocities, one of the disadvantages is that this technique suffers
from the contamination of the Earth’s atmosphere when the observations are performed
from ground. The Earth’s atmosphere modifies the stellar continuum spectrum which is
not calibrated. Thus, the absolute flux information is lost, and we are only able to mea-
sure relative differences of the local continuum (excess of absorption or emission). This
situation is different when using space-based spectrographs operating at low-resolution.
The first exo-atmospheric studies have been carried out by employing space-borne fa-
cilities, that are more stable and do not have the problem of our atmosphere’s contam-
ination. Eighteen years of space-borne LRS observations have advanced our under-
standing of exo-atmospheres. In the nIR, the HST/Wield Field Camera 3 (WFC3)
provided transmission spectra for tens of HJs and some Sub-Neptunes (e.g., Sing et al.
2016; Tsiaras et al. 2019), thus allowing the retrieval of important atmospheric infor-
mation, such as the atmospheric composition, or the presence of hazes and clouds as
discussed in Section 5.2. However, the narrow spectral coverage (1.1-1.7 pum) of the
HST/WFC3/G141 grism, mainly allowed for H,O detection, while the abundances of
other molecules (like CH,, NH3, HCN, CO, and CO,) often remained unconstrained.
In the VIS, the Space Telescope Imaging Spectrograph (HST/STIS) and the Advanced
Camera for Surveys (HST/ACS) are sensitive to optical slopes of transmission spec-
tra which in turn constrain sources of scattering (e.g. aerosols or molecular Rayleigh
scattering) in the atmospheres. Several tools are now employed to extract a planetary
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Figure 1.13: The comprehensive layout of atmospheric retrieval for low resolution spec-
troscopy observations is depicted, emphasizing the dual-framework structure: the for-
ward model framework, which is tasked with building the forward model, and the re-
trieval framework, which focuses on matching the forward model to an observed spec-
trum. Adapted from Al-Refaie et al. (2021).

spectrum from the spatially scanned low-resolution raw images (e.g., Tsiaras et al. 2018;
Kreidberg et al. 2018a, and more in Section 5.2). The main idea is extracting two types
of light curves: a broad wavelength band white light curve (WLC), covering the whole
range of the spectrograph, and several spectroscopic light curves (SLC) created in dif-
ferent wavelength bins usually uniformly spaced. The WLC is commonly employed to
correct the SLCs from the systematic noise introduced by the instrument. The transmis-
sion/emission spectrum is then constructed from the SLCs by determining the planet-
star radii ratio as a function of wavelength. Robust retrieval algorithms are successively
employed to interpret low-resolution spectra and derive atmospheric properties. The
first attempt at employing a retrieval tool to analyse the transmission spectra of exoplan-
ets dates back to Madhusudhan & Seager (2009), who ran millions of 1D atmospheric
models to explain the empirical spectra of both HD 189733 b and HD 209458 b. The
term ‘retrieval’ means fitting an atmospheric model to an observed spectrum and esti-
mating the model parameters with their uncertainties. Atmospheric retrieval technique
for exoplanets have been developed to address the “degeneracy problem”. Fig. 1.13
shows a schematic representation of atmospheric retrieval for exoplanets, where we can
see that performing atmospheric retrieval requires three main ingredients: (i) an ob-
served atmospheric spectrum, (ii) an atmospheric model, and (ii1) an estimator to select
the best fitting model. These ingredients belong to two separate frameworks: the for-
ward model framework responsible for constructing the forward model, and the retrieval
framework responsible for fitting the forward model to observations. The forward model
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acts as a bridge between these two frameworks. The atmospheric spectrum is mainly
determined by the pressure-temperature (P-T) profile and the chemical composition of
the atmosphere. These are calculated under equilibrium conditions in such models,
with the possibility of including clouds. The parameters for forward models used in
retrievals correspond to three broad properties: chemical composition, P-T profile and
clouds/hazes. The chemical composition of the atmosphere is represented by the vol-
ume mixing ratio of the species, such as the number density of each species relative to
the total number density. Typically, for Hy-rich species, the prominent absorbers such
as H,O, CHy, NH3, CO CO,, Na, K, etc. are included. The mixing ratios are usually
assumed to be uniform in the region of the atmosphere probed by the observations. The
model may also account for opacity due to the presence of clouds or hazes in the at-
mosphere. To date, there are different robust frameworks widely used to interpret LRS
data and derive strong atmospheric properties, e.g. the Non-linear Optimal Estimator
for MultivariatE Spectral analySIS (NEMESIS, Irwin et al. 2008), the CaltecH Inverse
ModEling and Retrieval Algorithms (CHIMERA Line et al. 2013) and the Tau Re-
trieval for Exoplanets (TauREx) (Waldmann et al. 2015). In Chapter 5, I will show an
application of TauREx in the comparison of the pipelines used to extract transmission
spectra from Hubble Space Telescope (HST) Wield Field Camera 3 (WFC3) described
in Section 5.2

1.6 Instruments

In this Section I will introduce the instruments concerning the works in this thesis in-
cluding HARPS-N, GIANO-B, ESPRESSO, Atmospheric Remote sensing Infrared
Exoplanet Large Survey (Ariel) space mission and the HST Wield Field Camera 3.

1.6.1 HARPS-N

High Accuracy Radial velocity Planet Searcher for the Northern hemisphere (HARPS-
N) is an echelle spectrograph located at the 3.6m Telescopio Nazionale Galileo (TNG),
La Palma. It covers a wavelength range of 383 to 693 nm, and has a spectral resolution
R = 115,000 (Cosentino et al. 2012). It is designed to obtain high-precision radial
velocity measurements while avoiding spectral drifts due to temperature and air pressure
variations, thanks to very accurate control of pressure and temperature. HARPS-N is
fiber-fed by the Nasmyth B Focus of the 3.6 INAF - TNG telescope through a Front End
Unit (FEU). The two fibers (A and B, used for the target and to obtain the sky spectrum
or a simultaneous calibration lamp, respectively) have an aperture on the sky of 1”’; this
produces a resolving power of 115,000 in the spectrograph. The spectrum is projected
onto an e2V CCD 231 detector, which allows 69 spectral orders. I used HARPS-N
data in several works introduced in this thesis thanks to the Italian collaboration GAPS
(Covino et al. 2013). I will discuss the analysis of the data collected with HARPS-N in
Chapter 2, 3 and 5.
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1.6.2 GIANO-B and the GIARPS configuration

GIANO-B spectrograph mounted on the 3.6-meter TNG telescope acts as the nIR coun-
terpart of HARPS-N. GIANO-B achieves nearly contiguous coverage of the entire Y,
J, H, and K bands in the nIR (0.92-2.45 um), split into fifty orders (from 32 to 81), at
a mean spectral resolving power of R = 50,000 (Oliva et al. 2006). It has been the first
spectrograph mounted on a 4-m class telescope to combine such broad spectral cov-
erage with such high resolving power. The minimum integration time is 10 seconds,
the possible integration times on target are 10, 30, 60, 100, 200, 300, and 600 seconds.
GIANO-B can acquire spectra either of astrophysical objects and sky simultaneously,
or of calibration lamps (halogen for flat-field and U-Ne for wavelength calibration) and
dark frames. In its initial configuration (March 2015 - August 2016) the spectrograph
was located in the TNG Nasmyth-A focus and it was fed with two fibers of 1 angular
diameter at a fixed angular distance of 3” on the sky. In September 2016 the spectro-
graph has been moved to the Nasmyth-B focus (hence the name GIANO-B) and now
the light reaches directly the telescope through a slit. The observations are performed
with the nodding acquisition mode following an ABAB pattern. Originally, at each
nodding position, a fiber (on-sky) fed the spectrograph, while a second fiber, located
at the other nodding position pointed to the sky, providing an accurate reference for
subtracting the thermal background and telluric emission lines. Each time the telescope
noded, the fibers swapped, i.e. the object fiber became the sky fiber and vice versa. In
the current configuration with the direct light feed from the telescope, the target and
sky spectra are always taken in pairs but using the two nodding positions along the slit
(A and B) separated by 5”. With the focus change in 2016, the observing mode called
GIARPS (Claudi et al. 2017) started. In the GIARPS observing mode GIANO-B can
operate simultaneously with HARPS-N (resolving power of R = 115,000) to achieve
high-resolution spectroscopy over the full visual and near-infrared range (0.383-2.45
pm with a small gap between 0.7-0.92 ym) in a single exposure. The two spectrographs
are still able to work separately, so it is possible to have three different configuration:
HARPS-N only; GIANO-B only; and GIARPS by splitting the light with a dichroic.
The data analysed in the works in Chapter 4 have been acquired employing the GIARPS
configuration.

1.6.3 ESPRESSO

The ESPRESSO (Echelle SPectrograph for Rocky Exoplanet and Stable Spectroscopic
Observations) instrument (Pepe et al. 2010, 2014), mounted on the Very Large Tele-

scope (VLT) at the European Southern Observatory (ESO), is a state-of-the-art high-
resolution spectrograph. Designed for ultra-precise radial velocity measurements, ESPRESSO
enables the detection and characterization of Earth-like exoplanets around nearby stars,

as well as conducting cutting-edge astrophysical research.

Among the key Features of ESPRESSO we can find:

* Unmatched Radial Velocity Precision: ESPRESSO achieves a precision down to
10 cm/s, making it one of the most accurate spectrographs in the world;
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e Multi-UT Capability: It can combine light from all four Unit Telescopes of the
VLT, allowing for unprecedented sensitivity;

* Broad Spectral Range: It covers wavelengths from 380 to 780 nm, optimizing its
ability to observe a wide variety of astronomical phenomena;

* Stability: Its advanced design minimizes environmental effects, ensuring ultra-
stable spectroscopic observations over time.

These characteristics make ESPRESSO one of the most advanced spectrograph in the
world resulting in several scientific contributions in various areas of modern astronomy,
including exoplanet discovery and characterization. For example, ESPRESSO con-
firmed the existence of the Earth-like exoplanet Proxima Centauri b, refining its mass to
1.17 Earth masses (Suarez Mascarefio et al. 2020). In Section 3.3 we introduce its role
in the atmospheric characterisation with the preliminary analysis of WASP-94A b.

1.6.4 Ariel

The European Space Agency (ESA) Atmospheric Remote sensing Infrared Exoplanet
Large Survey (Ariel) space telescope is a 0.64 m? telescope, planned to be launched in
2029. It will be the first telescope dedicated to study the atmosphere of a large popula-
tion of exoplanets, characterising their thermal structures, chemical compositions, cloud
properties and dynamical processes as a function of longitude, latitude and altitude for
about 1000 exoplanets ranging from Jupiters and Neptunes down to super-Earth size
orbiting different types of stars. The mission will use transit, eclipse and phase curve
techniques and revisit some planets with multiple techniques at different times. It will
use simultaneously observations obtained in three photometric bands in the visible/near
infrared and three spectroscopic channels in the infrared (1.10-7.80 pum). A detailed
description of the Ariel Mission is provided in the Ariel Red Book (ESA/SCI(2020)1).
The observations are separated into “Tiers” (Tinetti et al. 2016; Edwards & Tinetti
2022), each with different goals:

* Tier 1 Reconnaissance survey: These observations will use a low spectral res-
olution (4 spectral resolution elements covering the 1.10 - 7.80 pm range, with
an average SNR > 7) to characterise about 1000 transiting planets. They aim
to answer basic questions through the large statistical sample of observed plan-
ets, such as determining the fraction of planets that have cloudy atmospheres,
the fraction of small planets that have retained their primary envelope, removing
mass-radius degeneracies to constrain planet interiors, obtaining rough estimates
of planet properties like temperature, albedo or the presence of main molecules,
and classifying the planets through colour-colour diagrams. The Ariel Tier 1 sur-
vey mode will also allow for rapid and broad classification of planets, so that
decisions can be made about priorities for future observation with Tier 2 and Tier
3. The necessary performance can be reached in less than 10 transits/eclipses for
the majority of targets.
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 Tier 2 Deep survey: This tier uses a higher spectral resolution (R ~ 10 for 1.10
< A <195 pum; R ~ 50 for 1.95 < A < 3.90 pum; R ~ 15 for 3.90 < X\ < 7.80
pm; with an average SNR > 7) on a sub-sample of about 500 planets, which
constitutes the core of the mission. Tier 2 spectroscopic observations will be es-
sential for quantitively uncovering atmospheric structure and composition (main
components and trace gases), as well as searching for potential correlations be-
tween atmospheric chemistry and basic parameters like planetary radius, density,
temperature, stellar type and metallicity.

* Tier 3 Benchmark planets: This tier is aimed at examining the temporal and spa-
tial variability in exoplanet atmospheres using observations. It focuses on planets
where Ariel can achieve its highest spectral resolving power and a signal-to-noise
ratio (SNR) of > 7 within one or two observations (representing about a 10% sam-
ple). Tier 3 observations by Ariel will track changes in the thermal profile both
vertically and horizontally over time. These findings will, for the first time, assess
the uncertainty from only having disc-averaged and time-integrated spectra. By
aggregating observations over time for a Tier 3 planet, an unparalleled SNR will
be obtained, allowing for an in-depth examination of atmospheric chemistry and
dynamics.

* Tier 4 Phase-curves and bespoke observations: This tier caters to specific targets
of interest, including non-transiting ones. Tier 4 allows for custom observations
with tailored requirements, such as phase curves.

1.6.5 HST WFC3

The WFC3 is one of the most advanced and versatile instruments aboard the HST.
Installed during the final servicing mission (SM4) in May 2009, WFC3 has been pivotal
in advancing our understanding of a wide range of astrophysical phenomena, including
galaxies, stars, and exoplanets. It operates in two primary channels: ultraviolet/visible
(UVIS) and near-infrared (NIR), making it an indispensable tool for both imaging and
spectroscopy across a broad spectral range. Its key features include:

* Broad Wavelength Coverage: WFC3 observes in ultraviolet (200400 nm), vis-
ible (400-700 nm), and near-infrared (700-1700 nm) wavelengths. This broad
range allows for diverse applications, from studying distant galaxies to character-
izing exoplanet atmospheres;

* Wide Field of View: The UVIS channel provides a large 162" x 162" field of
view with a spatial resolution of 0.04”/pixel, while the NIR channel covers a
123”7 x 136” field of view at 0.13” /pixel, supporting both large-scale surveys and
detailed studies;

* Grism Spectroscopy: The NIR channel is equipped with grisms that facilitate slit-
less spectroscopy, enabling the characterization of the atmospheres of exoplanets
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by analysing their transmission and emission spectra.

WFC3 has revolutionized the study of exoplanets, particularly in the characterization
of their atmospheres in the low-resolution context. Its grism mode and high sensitivity
make it an ideal tool for detecting molecular features and thermal profiles. It proved
to be extremely important for the detection of Water vapour in exoplanet atmospheres,
including HD 209458 b, where WFC3 confirmed the presence of water vapour and re-
fined its atmospheric properties (Line et al. 2016), WASP-121 b with the revealing of
water vapour and evidence of atmospheric escape at extreme temperatures (Lothringer
et al. 2022). Moreover HST WFC3 proved its ability also with smaller planets with the
detection of water vapour and of the presence of a largely cloud-free sky in the atmo-
sphere of the Neptune-sized HAT-P-11 b (Fraine et al. 2014), and with the observations
of water vapour in the habitable-zone exoplanet K2-18 b, sparking discussions about its
potential habitability (Benneke et al. 2019).

The WFC3 has provided unprecedented insights into the atmospheres of exoplanets,
laying the foundation for the next generation of space telescopes like the James Webb
Space Telescope (JWST). Its ability to characterize atmospheric features such as water
vapour, cloud structures, and thermal profiles has significantly expanded our under-
standing of planetary diversity and habitability.

1.7 Overview of the work presented in this thesis

During my PhD thesis I focused on the atmospheric characterization of extrasolar plan-
ets. Most of the targets I analysed during the PhD are short-period gas giant planets such
as Hot-, Ultra-Hot-Jupiters and warm-saturns. As introduced in the previous sections of
this thesis, this subsample of planets are the perfect candidates to perform transmission
spectroscopy due to their large scale height because of their large equilibrium tempera-
ture.

In the following chapters of this thesis, I will review the results of my research work
during the three years of my PhD showing already published works and highlighting
the next works in preparation.

For the main part of my research, I have used the single line analysis technique to
analyse the spectra acquired with the high-resolution spectrograph HARPS-N mounted
on the TNG mainly within the Italian collaboration GAPS.

In Chapter 2 I will introduce several works concerning the analysis of the hottest exo-
planet known, KELT-9 b. Among these I will present the atmospheric characterisation
of the planet via single line analysis in D’Arpa et al. (2024b) where 1 will introduce
the method I developed to extract and fit the transmission spectrum of individual lines.
Then, I will discuss about the constraining of the Oxygen abundance, before compar-
ing the results obtained in D’Arpa et al. (2024b) with other works within the GAPS
collaboration devoted to the single line analysis of KELT-9 b.

In Chapter 3 I will show the validation of the method described in Chapter 2 that I
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performed with Valerio Fardella as part of his master thesis. I will then discuss the
extension of the method to several different targets, including TOI-1518 b, an UHJ with
properties similar to KELT-9 b. I will then extend the method developed for HARPS-N
data to ESPRESSO data for the analysis of WASP-94A b.

In Chapter 4 I will introduce one of the possible applications of the framework I de-
veloped for the single line analysis, focusing on the joint use of the Ha line and the
He 1 triplet as indicators of two different mechanisms: the stellar activity (Guilluy et al.
2024) and the photo-evapouration (D’ Arpa et al. 2024a).

In Chapter 5 I will introduce the work regarding the comparison of the pipelines used to
extract the transmission spectra with the HST WFC3

Finally in Chapter 6 I will discuss and summarise the results obtained during the thesis.
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Chapter 2

The record holder of single lines
detected: KELT-9 b

In the context of exoplanet characterisation, high-resolution spectroscopy is one of the
most powerful methods to investigate the atomic and molecular atmospheric makeup.
Compared to their space-based counterparts, ground-based spectrographs are able to
achieve a higher resolving power, such as the R~115,000 of High Accuracy Radial
velocity Planet Searcher for the Northern emisphere (HARPS-N) (Cosentino et al.
2012) or the 140,000 of Echelle SPectrograph for Rocky Exoplanets and Stable
Spectroscopic Observations (ESPRESSO) (Pepe et al. 2010, 2014). At such reso-
lutions, individual lines can be resolved, breaking the degeneracy induced by broad
spectral features in low resolution spectra (Birkby 2018). On the other hand, ground-
based observations are affected by telluric contaminations, making more complex the
extraction of the planetary spectrum.

During my PhD research I worked on the realisation of a complete framework devoted
to the extraction and fitting of exoplanetary transmission spectrum within the context
of high resolution spectroscopy. The framework follows the steps highlighted and ex-
plained in Section 1.5 and has been originally developed to extract all the possible single
lines in the peculiar atmosphere of the Ultra-Hot Jupiters (Ultra Hot Jupiter (UHJ))
KELT-9b, the hottest planet discovered to date (Gaudi et al. 2017) . The exoplanet is
in a nearly-polar (A = 85.78 deg), short-period (1.48 days) orbit at a separation of about
0.03 AU from its host star. Also known as HD195689, the B9.5-A0 host star features
an effective temperature in the range of 10,000 K, a radius (12,=2.36 R;) and a mass
(M,=2.52 M) (Gaudi et al. 2017, and Table 2.2) resulting in a density of 0.53 g cm™3.
The tremendous stellar irradiation experienced by KELT-9 b, leads its day-side equilib-
rium temperature to reach about 4600 K (Gaudi et al. 2017), making this planet hotter
than most stars. Hence, its scorching temperature induces the atmosphere to inflate
substantially, making this planet an ideal target for transmission spectroscopy.

A wide variety of metallic species, both ionised and neutral, have been identified in the
atmosphere of KELT-9b. The cross-correlation technique led to the detection of Fe 1,
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Fe 11, Ti 11 (Hoeijmakers et al. 2018), Na 1, Cr 11, Sc 11 and Y 11 signatures (Hoeijmakers
et al. 2019), Ca 1, Cr 1, Ni I, Sr 11, and Tb 1I at the 50 level, and Ti 1, V I, and Ba
11 above the 30 level (Borsato et al. 2023). Furthermore, line studies of its primary
transit unveiled the presence of O 1 (Borsa et al. 2021b), Mg 1 and Fe 11 (Cauley et al.
2019), Ha (Yan & Henning 2018), ionized calcium (i.e. H&K doublet and near-infrared
triplet) (Yan et al. 2019; Turner et al. 2020), the Hydrogen Balmer series up to Hé (Yan
& Henning 2018; Cauley et al. 2019; Turner et al. 2020; Wyttenbach et al. 2020) and
the Paschen (3 line (Sanchez-Lopez et al. 2022).

In this chapter I will focus on several works I carried on regarding this peculiar alien
world. In Section 2.1 I will introduce my work on the atmospheric characterisation
of KELT-9b via single-line analysis published on A&A as D’Arpa et al. (2024b) and
carried within the Global Architecture of Planetary System (GAPS) collaboration.
In Section 2.2 T will discuss a future application of the observative results presented
in Section 2.1, aimed to the constrain the C/O ratio in the atmosphere of KELT-9b
using the Non Local Thermal Equilibrium (NLTE) models. Finally, in Section 2.3 1
will deepen the comparison with other studies on the same target conducted within the
GAPS collaboration.

2.1 Atmospheric characterisation of KELT-9 b via single-
line analysis

In this work, I analysed six primary transits of the ultra-hot Jupiter KELT-9 b obtained
with the HARPS-N high-resolution spectrograph in the context of the Global Architec-
ture of Planetary Systems (GAPS2) project, to characterise the atmosphere via single-
line analysis. The possibility of using six transits is one of the major advantages of this
work respect to the others on the same target, due to the large S/N ratio obtained com-
bining the single nights. We extracted the transmission spectrum of each individual line
by comparing the master out-of-transit spectrum with the in-transit spectra and comput-
ing the weighted average of the tomography in the planet reference frame. We corrected
for the centre-to-limb variation and the Rossiter-McLaughlin effect by modelling the re-
gion of the star disc obscured by the planet during the transit and subtracting it from the
master-out spectrum. We detected all six observable lines of the Balmer series within
the HARPS-N wavelength range, from Ha to H( , with a significance exceeding 5o.
We also focussed on metal species, detecting Na 1, Ca1, Ca 11, Fe 1, Fe 11, Mg 1, Ti 11, Sc
11, and Cr 1I lines. This is the first detection in the atmosphere of an exoplanet of He and
H( lines, as well as of individual lines of Sc 11 and Cr 11. Our detections are supported
by a comparison with published synthetic transmission spectra of KELT-9 b obtained
accounting for non-local thermodynamic equilibrium effects. The results underline the
presence of a systematic blueshift due to night-side to day-side winds. The single-line
analysis allowed us not only to assess the presence of atomic species in the atmosphere
of KELT-9 b, but also to further characterise the local stratification of the atmosphere.
Coupling the height distribution of the detected species with the velocity shift retrieved,
we acknowledged the height distribution of night-side to day-side winds. Moreover, the
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Table 2.1: HARPS-N observing log.

Night Date Program PL Spectra (In/Out of transit) Mean S/N* Exposure time [s] Airmass
1 2017-07-31 A35DDT4  Ehrenreich 49 (24/25) 137 600 1.019 - 1.730
2 2018-06-10 GAPS Micela 36 (23/13) 123 600 1.019-2.164
3 2018-07-20 OPT18A_38 Ehrenreich 46 (23/23) 120 600 1.019 - 1.675
4 2018-07-23 GAPS Micela 68 (44/24) 79 300 1.019 - 1.535
5 2018-09-01 GAPS Micela 57 (44/13) 99 300 1.019 - 1.800
6 2018-09-04 GAPS Micela 64 (44/20) 87 300 1.019 - 1.426

* The mean Signal to Noise ratio (S/N) has been computed as the average of all the orders of all the spectra for each night. We
show the S/N as a function of wavelength in Fig. 2.11.

study of the rotational broadening of the different species supports the prediction of a
tidally locked planet rotating as a rigid body. In the following subsection I will describe
the various steps of the analysis.

2.1.1 Observations

We analysed a total of six KELT-9b primary transits, observed from July 2017 to
September 2018 with HARPS-N at the Telescopio Nazionale Galileo (TNG) (see Ta-
ble 2.1). Four of these transits were acquired in the context of the long-term observing
programme at the Telescopio Nazionale Galileo (TNG) telescope ‘GAPS2: the origin
of planetary systems’ — awarded to the Italian Global Architecture of Planetary Sys-
tem (GAPS) Collaboration (PI Micela; see Guilluy et al. 2022b), while the two re-
maining have been collected by other programs (P.I. Ehrenreich). HARPS-N, being
the northern-hemisphere’s twin of European Southern Observatory (ESO)’s High
Accuracy Radial velocity Planet Searcher (HARPS)/3.6 m telescope, is a fiber-fed
cross-dispersed echelle spectrograph which covers the 3830-6900 A spectral range at
an average resolution of ® ~ 115,000 (Cosentino et al. 2012). For each night of obser-
vation, the exposure time per spectrum was set to either 600 s or 300 s, leading to an
average Signal to Noise ratio (S/N), averaged over all the spectral orders, of 126 and 88,
respectively. In addition to the spectra taken in transit, a number of out-of-transit obser-
vations were also acquired. These act as baseline for the stellar flux and allow one to
derive the master-out spectrum, which includes only the stellar contribution (see Section
2.1.2). A complete overview of the observations, including the date, program number,
PI, number of in- and out-of-transit spectra, average S/N and airmass range is given in
Table 2.1. We also show the S/N as a function of wavelength in Fig. 2.11. The night
reports for the different nights do not give any critical observing conditions to remark .
For the analysis of H{ we had to discard 8 spectra (out of 202 in-transit spectra used)
where the S/N was too low in the bluest part of the spectrum.

Borsa et al. (2021b) discussed the negligibility of line broadening due to the exposure
time (i.e. 4.7, 3.5, and 1.3 kms 'on average for exposure times of 400, 300, and 111
s, respectively) for Calar Alto high-Resolution search for M dwarfs with Exoearths
with Near-infrared and optical Echelle Spectrographs (CARMENES) data. In our
case, combining all the 6 nights, we obtain a mean exposure time of 433s weighting
the in-transit exposure times for the mean S/N of each of our 202 in-transit spectra.
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Table 2.2: Stellar and planetary parameters of the KELT-9 system adopted in this work.

Parameter Value Reference

T, [K] 9600 + 400 Borsa et al. (2019)

M, [Mg] 2.32 +£0.16 Borsa et al. (2019)

R, [Rs] 2.418 £ 0.058 Borsa et al. (2019)
log(9) 41403 Borsa et al. (2019)

M, [My] 2.88 +0.35 Borsa et al. (2019)

Ry [Ry] 1.936 + 0.047 Borsa et al. (2019)

a [AU] 0.03368 + 0.00078  Borsa et al. (2019)

P [days] 1.48111871(16) Ivshina & Winn (2022)
T, [days] 2458415.362562(81) Ivshina & Winn (2022)
1 [deg] 86.79 £ 0.3 Gaudi et al. (2017)

A [deg] 85.78 £ 0.46 Borsa et al. (2019)

K, [kms™'] 246 This work

v, [kms™'] —17.74 £ 0.11 Hoeijmakers et al. (2019)
e 0 (fixed) Gaudi et al. (2017)
vsini, [kms™!'] 111.4+1.2 Gaudi et al. (2017)

We therefore included the line broadening in our analysis with the NLTE models as
discussed in Section 2.1.4.

2.1.2 Transmission spectra extraction

We employed the 3.7 version of the HARPS-N Data Reduction Software (DRS) (Pepe
et al. 2002) to do an initial reduction of the HARPS-N raw data, which includes a cor-
rection for the blaze function that takes care of both the instrumental blaze and the Earth
atmospheric change thanks to the Atmospheric Dispersion Corrector. We operate with
S1D spectra that have been created by the DRS starting from the S2D images. During
the merging procedures, the DRS takes care of the overlaps between the 69 HARPS-N
orders. At this stage, the data contain the stellar signal, the planetary signal, and the
telluric contamination, all given in the solar system barycentric reference frame. The
wavelength information is given in air. For each transit, we calculated the transmission
spectra of the single lines following the procedure described in Wyttenbach et al. (2015),
hence comparing out-of-transit and in-transit spectra.

The first step of the analysis consists in correcting the observed spectra for telluric con-
tamination. To do so, we employ Molecfit ! (Smette et al. 2015; Kausch et al. 2015),
a specialised ESO tool designed to handle the correction of telluric atmospheric lines
in astronomical spectra through the use of a line-by-line radiative transfer model. Al-
though the software was specifically developed to correct data obtained with ESO in-
struments, in principle it is able to correct spectra from non-ESO ground-based spec-

"http://www.eso.org/sci/software/pipelines/skytools/molecfit
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trographs as well, and recently, ESO released an additional experimental support for
HARPS-N. Telluric correction is particularly important in the red part of the HARPS-N
spectra, where the Earth atmosphere’s HoO and O, absorption features become relevant.
In Fig. 2.1, we show an example of telluric removal in the vicinity of the Ha region.
Molecfit returns telluric corrected spectra in the solar barycentric reference frame.
Therefore, we shifted the spectra in the stellar reference frame by correcting for the
star’s systemic radial velocity, vyy. The telluric corrected spectra are then normalised to
a common continuum level in a narrow wavelength range around each absorption line
of interest. The normalisation around a small region should also remove all the possible
wavelength gradients arising from changes in the overall transmission of the atmosphere
and other slow changes in the spectrograph.

For each night, we computed the transmission spectra in the stellar reference frame
as the ratio between each spectrum and the weighted average out-of-transit spectrum
(master-out). By stacking all spectra sorted by phase, we obtain a 2D map (also referred
as tomography) such as the one shown in Fig. 2.2. From this map, we can clearly see
how the joint contribution of the Rossiter-McLaughlin Effect (Rossiter-McLaughlin
Effect (RME)) (Rossiter 1924; McLaughlin 1924) and the Center-to-Limb Variations
(Centre to Limb Variation (CLV)), which arise respectively from the stellar rotation
and the limb darkening, is a major contribution that needs to be modeled and removed.
The RME and CLV compete with the planetary atmospheric signal to shape what we
observe in the 2D map such as Fig. 2.2 according to the geometry of the transit.

We corrected for the RME+CLYV effects by adopting an analogous method to that de-
scribed by Yan et al. (2017) and Casasayas-Barris et al. (2017), and already applied in
Guilluy et al. (2024), which involves the use of stellar models. We used ATLAS9 stellar
models (Kurucz 1992, 2005, 2014, 2017) to compute the disk-integrated stellar model
considering the system parameters listed in Table 2.2. We computed the spectra for the
case of a non-rotating star as well as a rotating star. We used PyLightCurve (Tsiaras
et al. 2016) to calculate the planet’s path during the transit to evaluate the part of the
stellar disc obscured by the planet at each phase (hereafter, obscured region). We then
built a 0.01 R, x 0.01 R, pixel size grid to approximate the stellar disc and for each
phase we performed the following operations:

* for each pixel belonging to the obscured region, we computed the intensity ac-
cording to the limb darkening angle and the radial velocity shift with respect to
stellar rotation axis;

* we computed the spectrum of the obscured region using the ATLAS9 models,
summing the spectrum of each pixel properly shifted by its own radial velocity.

Instead of using different model spectra at different limb darkening angles, i, and
interpolating to compute the right intensity for each pixel, we used an analytical ap-
proach. We computed the limb darkening coefficients for our stellar model using the
ExoTethys (Morello et al. 2020) function Sai 1 adopting a quadratic limb darkening
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Figure 2.1: An example of telluric correction on a KELT-9 spectrum observed by
HARPS-N on 2017-07-31. After normalisation, the DRS processed data (in red) was
telluric corrected with Molecfit (green line) using the telluric model (in blue), here
shifted upwards for clarity.

law:

) =1—ci1a(1— p) — con(1 — p)?, 2.1)

where:

A indicates a specific spectral bin/passband;

1t = cos 6, 0 being the angle between the line of sight and the normal to the stellar
surface;

I(p) is the stellar intensity profile and 7,(1) is the intensity at the center of the
disk;

* c;,» and ¢y ) are the limb darkening coefficients.

We note that the different choice of the limb darkening law can be a possible cause of
discrepancy with other analysis since the RME+CLV modelling strongly relies on the
part of the stellar disk occulted. However, since we do not have any spatially resolved

spectrum of the star, it is not possible stating exactly which limb darkening law would
better mimic the real observations.

The integrated flux, F), as a function of the limb darkening angle, y, can be expressed
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Figure 2.2: Top panels: Raw tomography in the stellar reference frame for the hydrogen
Balmer lines (Top row, left to right: Ha , HS and H~ ; Bottom row, left to right: Ho ,
He and H( ). The planetary atmospheric absorption can be distinguished as a darker
region following the expected planetary Radial Velocity (RV) profile, and the RME
as a brighter feature. We also show the planetary radial velocity profile during out-
of-transit with a magenta line. The contact points are represented with white dashed
and continuous lines. Middle panels: Model tomography in the stellar reference frame
computed as explained in Section 2.1.2. Bottom panels: Corrected tomography obtained
by dividing the raw one by the model one.
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as

1
Fy=2n / IN YT (2.2)
0

By combining Equations 2.1 and 2.2 and solving the integral analytically, we obtain
I,(1). At this point, knowing /(1) and the limb darkening coefficients, we are able to
compute the flux for each y (and hence for each pixel) using Eq. 2.1. The integrated
flux F\ corresponds to the non-rotating model spectrum. The rotational broadening is
given by the sum of the different contributions of each pixel properly shifted by their
own radial velocity. The observed master-out is broadened by the stellar rotation and
hence we used the rotationally broadened model as a comparison to the master-out to
normalise the non-rotating model continuum. We then subtracted the modelled obscured
region from the master-out spectra and divided all spectra by this quantity. The average
continuum for the RME+CLV models is set to one before applying the correction. An
example of the planet absorption for the Balmer series spectra in the stellar reference
frame before and after the correction for RME and CLV is shown in Fig. 2.2. From the
comparison between top and bottom panels of Fig. 2.2, we can see that following this
framework, we are able to remove the RME+CLV contaminations while not changing
the planetary signal. This is particular easy to observe in target such as KELT-9 b with
their peculiar transit, but may be more challenging when the two effects overlap such
as in the case of HAT-P-67 b (Sicilia et al. 2024). We have not considered the potential
distortion of line profiles caused by gravity darkening. However, it is noteworthy that
such distortions are rarely considered in the literature (Guilluy et al. 2022a), and are
anticipated to be negligible for this target, as indicated by Cauley & Ahlers (2022), who
state that the gravity darkening is expected to be less relevant respect the other effects
considered (such as RME and CLV) with the present level of achievable precision.
Furthermore, we did not include in our models broadening due to the exposure time
since the polar orbit of KELT-9 b causes the planet to obscure approximatly the same
portion of the star in terms of velocity. In fact, during the 600s exposure the difference
in the velocity occulted is below 1 kms™!.

Once the spectra in the stellar reference frame had been corrected, we shifted all the in-
transit spectra to the planet reference frame by correcting for its radial velocity profile
in a circular orbit scenario

RV(®) = K, sin2r®, (2.3)

where @ is the orbital phase and K, is the radial velocity of the planet, computed using
the parameters listed in Table 2.2. The final transmission spectrum of each line is calcu-
lated as the error-weighted average of all the full in-transit spectra (75-7%) in the planet
reference frame. The uncertainties have been originally computed as the square root of
the DRS corrected flux and then propagated during the entire process.

2.1.3 Single Line Analysis Results

For each analysed line, we extracted the transmission spectrum as described in Section
2.1.2 and then performed a Gaussian fit returning the absorption depth, the Full Width

44



Section 2.1: Atmospheric characterisation of KELT-9 b via single-line analysis

at Half Maximum (FWHM), and the velocity shift with respect to the line wave-
length corresponding to a zero radial velocity. We used the Python package Scipy
CurveFit 2, which employs non-linear least squares to fit a function, setting 100
km s~ 'as velocity range. For some lines we adopted a smaller wavelength range (e.g.,
80 kms™!) due to the closeness with other strong lines. We left the continuum offset
as a free parameter and we used the retrieved values to normalise the spectra to one,
and hence we do not report the continuum values in the best-fit tables. Our definition
of significance is based on the retrieved value of the Gaussian fit and it is defined as the
ratio between the absorption depth value and its error.

The adopted procedure of modelling and removing of RME + CLV strongly depends
on the size of the obscured region of the stellar disk, which, at first order, we consider
equal to the planetary radius. To include the atmospheric extension, we translate the
line absorption depths, returned by the Gaussian fit, into planetary radii and use these
values to repeat the RME + CLV removal with an increased size that accounts for both
the planetary radius and the atmospheric extension. We repeat the loop, retrieving a
new depth expressed in planetary radii, until the threshold convergence (0.001 Rp) is
reached.

Hydrogen Balmer Series

We focused on the Hydrogen Balmer series by analising all the lines observable in the
HARPS-N wavelength range, hence spanning from Ha to HC . In Fig. 2.3 we show the
transmission spectra around each Balmer line. We significantly detect all the lines ob-
servable in the available wavelength range with the first significant detection of He and
H( . The parameters of the Gaussian best fit are listed in Table 2.3.

- Ha : we detect Ha with a significance of ~ 60c. Ha has already been detected in this
target by Yan & Henning (2018) and Turner et al. (2020) with CARMENES, and by
Cauley et al. (2019) using PEPSI. The Balmer series has been analysed by Wyttenbach
et al. (2020) using Night 1 and Night 3 data, detecting Hae , HS , Hy and Ho , but not
He (tentative detection) and H( (non detection). As shown in Fig. 2.12, our results are
in good agreement (<30) with Turner et al. (2020) and Wyttenbach et al. (2020), but in
disagreement (>50) with Cauley et al. (2019) and Yan & Henning (2018).

- HG : we detect HS with a significance of ~ 310 and, as for Ha , our result agrees
(20) with Wyttenbach et al. (2020), but it is at odds (70) with Cauley et al. (2019).

- Hv and H¢ : these lines have been detected in the atmosphere of just a few exoplanet
(HD189733 b, KELT-9b, and KELT-20 b/MASCARA-2b; Cauley et al. 2016; Cauley
et al. 2019; Casasayas-Barris et al. 2019), with Wyttenbach et al. (2020) being the only
one who detected both lines in the atmosphere of KELT-9 b. We detect Hy and Ho with
a significance of 250 and 12.20 respectively, further supporting Wyttenbach et al. (2020)
detection, especially for Ho .

- He : we significantly detect He for the first time in the atmosphere of an exoplanet with
a significance of 6.80. He , already marginally detected by Wyttenbach et al. (2020),

https://docs.scipy.org/doc/scipy/reference/generated/scipy.
optimize.curve_fit.html
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falls in a region in which two other strong lines are present, namely Ca 11 H at 3968.47
A and Fe 1 at 3969.25 A. The Ca 11 H line is discussed in Section 2.1.3 and it is more
than 100 km s~!away from the core of He and hence it does not affect our detection.
The Fe I line lies between the Ca 11 H lines and He , and we find that is shifted by 8.67
km s~ !similarly to the other Fe lines (see Section 2.1.3). The region including Ca 11 H,
Fe 1, and He is shown in Fig. 2.13 with the corresponding Gaussian fits.

- HC : we detect H( for the first time in the atmosphere of an exoplanet, with a signif-
icance of 5.70. We find that it is deeper than the upper limit measured by Wyttenbach
et al. (2020), who expected the absorption to be the smallest among the Balmer lines
in the HARPS-N range. Instead, we find H( to be the second deepest line after Ho ,
though with a very large uncertainty (almost three to ten times larger than the other
lines). The discrepancy is most likely due to the low S/N in the bluest region covered
by HARPS-N that forced us to discard eight spectra, because of their low S/N. The low
signal affects significantly both the uncertainties and the normalisation process, because
of the difficulty of finding a pseudo-continuum region around the line core, which may
have led to overestimating the line depth. We also investigated the possibility that the
larger depth is due to the presence of other lines in the region, namely Fe I at 3888.51 A
and Ca 1 at 3889.10 A lines. We analysed these lines adopting the procedure described
in Section 2.1.2 and obtained that the depth and FWHM are similar to those obtained
analising H( , while the velocity shifts in both cases correspond to the exact position of
H( . Furthermore, the analysis of the Ca I and Fe I lines presented in Sections 2.1.3 and
2.1.3 reveals that the detected lines of those species are shallower compared to those
obtained for Ca 11 at 3889.10 A and Fe 1 at 3888.51 A.

A detailed discussion about the differences in the Ho and Hf3 transmission spectra ob-
served by Cauley et al. (2019), Yan & Henning (2018), Turner et al. (2020) and Wyt-
tenbach et al. (2020) is given by Fossati et al. (2020). Their conclusions stress that the
variations could stem from distinct instruments and resolving powers, but more likely,
they arise from the slightly different methodologies employed to extract the planetary
signal. The major contributions to the discrepancies seem to be the normalisation, the
removal of the RME+CLYV effects, and the systemic velocity adopted in the different
studies, with the latter being responsible for the velocity shifts (see Fossati et al. 2020,
for more details). We can extend the conclusions that Fossati et al. (2020) drew for
the other works to our results, which fit well in the scenario, considering the slightly
different approaches used in the analyses.

Another plausible explanation to the discrepancy may be the intrinsic presence of in-
transit variations along a single transit as pointed out by Cauley et al. (2019). Thanks
to our sample of 6 nights, we are able to explore the presence of variability using our
method by analising Ha , HS , and H~ individually for each night. Fig. 2.14 and Ta-
ble 2.7 show that the individual nights best-fit results scatter around the value obtained
analising all nights together. None of the parameters seem to show a trend that depends
on the different exposure time used in the first three nights (600s) and in the last three
(300s). Focusing on the Ha absorption depths, we see an apparent intrinsic variability
of the order of ~30% in our dataset, with depths spanning over a range (0.78 £ 0.05 -
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Table 2.3: Summary of the results obtained from the Gaussian fits to the detected H 1
Balmer lines.

Gaussian fit NLTE model
Line (Wavelength in A) | Depth [%] R, FWHM [kms~'] v [kms™'] Xad | Vmic [kms™] e [kms™] X2,
Ha (6563) 0.97 £0.02 1.56+0.01 49.25+0.95 -3344+£036 137 |20+£1.5 21 +£3 0.66
HG (4861) 0.64 +0.02 139+0.01 450+ 1.58 -5.67+£0.61 1.08 | 1.0£0.8 24+ 1 0.71
H~ (4340) 0.51 £0.03 1.33+0.01 36.63 +2.17 -5.74 £0.86 0.66 | 3.0 £0.5 24 +2 0.60
Ho (4102) 0.62+0.05 1.38+0.03 2897 +2.79 -824+1.13 1.03|1.0£1.2 10 £ 12 0.90
He (3970) 0.39 +£0.06 1.25+0.03 30.65 £ 5.35 -536+2.11 070 | 1.0£1.7 19 + 16 0.83
H( (3889) 092+0.16 153+0.08 26.1 £54 -7.56 £2.16 3.60 | 14.0 4.8 1+ 14 3.75

* We report the Depth, FWHM and v columns representing the Gaussian best fit parameters, while 2, is the transit depth translated
into planetary radii. 1y, and 1y,,. are the micro- and macro-turbulence velocity respectively, for the best fitting NLTE model. For
both analysis we also report the reduced chi-squared, x2.

1.18 £ 0.03) that includes all the results from other works. Since our datasets have two
common transit observations (2017-07-31 and 2018-07-20), we deepened the compari-
son with Wyttenbach et al. (2020). Fig. 2.15 shows that: 1) our results are generally in
good agreement (<3c) with those of Wyttenbach et al. (2020), except for the velocity
shift of He , which has been previously only tentatively detected; ii) the best fit parame-
ters considering two nights are closer to the ones that we obtain with six nights than the
results obtained analysing the single nights separately, hinting that increasing the global
S/N plays a major role in the final results.

We conclude that the discrepancies may generally arise from the joint contribution of
several factors, such as different instrumentation and datasets, or they origin from the
slightly different methods used to extract the planetary signal, as already discussed by
Fossati et al. (2020), or from the different K, used. However, the analysis of six nights
using the same instrument and the same framework hinted to an intrinsic variability
which covers the range of the different values retrieved in the different works. The pos-
sible causes of this variability are still unclear, but one cannot exclude that it originates
in the planetary atmosphere. A similar intrinsic variability has already been noted by
Fossati et al. (2023a) analysing HARPS-N data of UHJ KELT-20 b, despite, in their
case, the amplitude of the variation was not significative.

Metal lines

We analysed several metal species by employing the same method used for the Balmer
series. We used the National Institute of Standards and Technology (NIST)*to aid
identifying the strongest lines in the HARPS-N range for each species, focusing on both
neutral and ionized species. We do not detect any He (listed here despite not being a
metal), Li, Be, K, Sr, Y, Ni, and Ba lines. We stress that these species have not been
detected on KELT-9b in previous studies (Hoeijmakers et al. 2018; Yan & Henning
2018; Cauley et al. 2019; Hoeijmakers et al. 2019; Borsato et al. 2023; Ridden-Harper
et al. 2023) neither via single line analysis nor using cross correlation with templates.
Instead, we detect Na, Mg, Ca, Sc, Ti, V, Cr, and Fe lines with a significance greater than
30. In the following sections, we list our results for each species in order of ascending

Shttps://physics.nist.gov/PhysRefData/ASD/lines_form.html
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Figure 2.3: Balmer series transmission spectra: all the figures have the same range on
the y-axis to underline the differences between the single lines. The red dashed lines
represent the Gaussian best fit those results are listed in Table 2.3, while the black dots
are for a 20x binning of then observed data. H( presents a wider scatter compared to the
other lines due to the low S/N in the bluest part of the HARPS-N range. The purple lines
show the NLTE broadened models as discussed in Section 2.1.4. The small gradient of
the NLTE model for He is due to the vicinity with the Ca H line at 3968.47 A.
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Table 2.4: Summary of the results obtained from the Gaussian fits to the detected metal
lines, except for iron.

Gaussian fit NLTE model

Line (Wavelength in A) | Depth [%] R, FWHM [kms~!] v [kms™'] Xod | Vinie kms™' vipee [kms™1 x2,
Na D1 (5895.92) 0.15+0.02 1.11£0.01 17.44+2.03 -459+0.84 0.62|1.0+0.02 12+4 1.2

Na D2 (5889.95) 0.16 £0.01 1.11 £0.01 23.68 £2.58 -6.68 £1.05 0.81 | 1.0£0.01 14+3 1.01
Mg1(5167.3216) 0.14 +£0.02 1.10£0.01 24.10£3.97 -4.14 £ 1.56 1.24 1 40+0.3 20+ 4 1.35
Mg1(5172.7) 0.10+£0.02 1.07 £0.01 22.88 £4.46 -4.39 £+ 1.81 1.00 | 1.0+ 0.1 2445 1.09
Mg1(5183.62) 0.10 +£0.01 1.07 £0.01 23.76 £ 3.86 506157 070 1.0+£02 24 +17 0.88
Mg 1(5528.4) 0.08 +£0.02 1.06 +£0.01 9.35+2.76 763 £1.15 068 |1.0+0.3 10+ 11 0.66
Ca11(5041.62) 0.07 £0.01 1.05+0.01 52.01 £11.86 -15.78 £4.39 1.11 | 4.0+2.1 24 + 10 1.09
Ca11(5270.27) 0.07+0.01 1.05+0.01 2239+50 -359+£204 066 1.0+0.6 19+8 0.66
Cal1(6122.22) 0.08 +0.01 1.06 £0.01 16.01 £3.25 -8.74+£1.34 046 |80+0.8 1+14 0.47
Ca 11 (6439.07) 0.04 +£0.01 1.03£0.01 29.0+ 10.58 -855+424 057|1.0+£0.6 24 + 10 0.58
Ca11(6717.69) 0.07 £0.02 1.05+0.01 20.68 £5.3 -7.16 £2.11 054 3.0+19 10+ 13 0.54
CaH (3968.47) 0.67 +£0.06 1.41£0.03 29.05+3.09 -266+1.17 073 |80+3.7 1+£9 0.93
CaK (3933.66) 0.54+0.06 1.34+0.03 22.14+279 38 +1.14 217 |3.0+1.0 1+7 1.39
Sc 11 (4320.745) 0.15+0.02 1.11 £0.02 24.58 £4.51 -472+183 087 |40+15 12+9 0.88
Sc 11 (5031.01) 0.08 +£0.02 1.06£0.01 11.4+3.3 -11.22 £ 1.36 0.62 | 12.0+2.6 24 +23 0.70
Sc 11 (5239.811) 0.06 +£0.02 1.04+£0.01 17.72+5.69 -7.53+£234 075 1.0+£23 5+15 0.75
Sc 11 (5526.785) 0.09+£0.02 1.06£0.01 1592 +3.21 9.05+130 0.61]1.0+09 1+£11 0.58
Sc 11 (5657.907) 0.06 +0.01 1.04 £0.01 29.44 £ 6.65 937+£266 059|3.0+09 21 +£ 10 0.60
Ti 11 (4290.21) 0.13+0.03 1.09 £0.02 14.25 £ 4.05 494 +1.68 09020403 1+£7 0.96
Ti 11 (4300.04) 0.16 £0.02 1.11 £0.02 22.3 +4.06 -439+1.65 095|1.0+£00 24 + 14 1.12
Ti 11 (4395.03) 0.15+0.03 1.11 £0.02 16.06 £ 3.93 574 +£1.62 127 140+1.7 1+4 1.34
Ti 11 (4443.8) 0.14 +£0.03 1.10+0.02 10.5+2.69 -11.48 £1.12 0.84 | 1.0+ 0.7 24 +7 0.95
Ti 11 (4468.49) 0.19+0.02 1.13£0.01 13.36=+191 -846+0.79 0.65|14.0+22 23+ 18 0.79
Ti 11 (4501.26) 0.12+0.02 1.09 £0.01 17.85+3.07 -8.2 +1.26 0.57 | 14.0+£4.0 24+5 0.66
Ti 11 (4533.96) 0.19+0.02 1.13£0.01 15.62 £2.07 -4.86+086 0.76 | 8.0+3.3 1+£3 0.78
Ti 11 (4571.97) 0.20+0.02 1.14+£0.01 1553+19 -6.89 £0.78 0.71 | 1.0+ 09 24+ 6 0.97
Ti 11 (4805.0) 0.09 +£0.02 1.07£0.02 14.35£4.03 209+1.67 099 |140+64 7+10 1.01
Ti 11 (5188.68) 0.11 £0.01 1.08 £0.01 15.04 £2.27 -10.43 £094 053 |3.0+22 1+6 0.60
Cr 11 (4558.64) 0.09 +£0.03 1.06£0.02 14.52 £5.55 934+23 1.34 | 1.0+ 0.3 10+ 12 1.37
Cr 11 (4588.19) 0.09 +£0.02 1.06 £0.01 33.89 +8.26 4.4 4326 1.16 | 4.0+ 0.3 2443 1.16
Cr11(4618.8) 0.06 +£0.02 1.04+£0.01 17.01 £6.6 -6.17+£272 0.79 |20+£1.0 7+8 0.76
Cr 11 (4824.13) 0.06 +=0.01 1.04 £0.01 18.56+5.32 487 +2.18 0.51|1.0+£0.8 11+13 0.52

Notes: For each line, we show the wavelength in A.

atomic number. The best-fit parameters are listed in Table 2.4.

Sodium

The neutral sodium doublet lines, named Na D1 and Na D2 in this study, are among the
most studied and detected lines in single line analyses due to their capability to probe the
upper layers of the atmosphere. The sodium doublet has already been detected in KELT-
9b by Langeveld et al. (2022) using HARPS-N data collected during Night 1 and Night
3. Our results are in excellent agreement with their, since they retrieve a mean depth of
0.16 &+ 0.03 %, while we retrieve 0.15 & 0.02 % and 0.16 + 0.01 % for Na D1 and Na
D2 respectively. The mean velocity shift they retrieve is -4.1 + 2.9 km s~ 'while ours
is -4.59 + 0.84 kms—'and -6.68 + 1.05 km s~ 'for Na D1 and Na D2 respectively. The
sodium doublet will also be analysed, using the same dataset employed in this work, in
a dedicated study (Sicilia et al. 2025) that aims to perform a population study on several
GAPS targets.
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Magnesium

We identify a significant absorption on each of the neutral Magnesium b triplet lines
(~ 5167-5183 A), as previously reported by Cauley et al. (2019), plus the Mg I line at
5528.40 A. Our Mg 1 triplet line depths are more than 3¢ away from the results reported
by Cauley et al. (2019), except for the Mg 1 5167.23 A line, which is consistent within
lo. Instead, our FWHM results are more in agreement (1o difference) with Cauley et al.
(2019), the first line at 5167.3216 A being 20 away. The line shifts have remarkably
large error bars, similarly to Cauley et al. (2019). The discrepancies in the fitted values
between our study and Cauley et al. (2019) are probably due to the latter employing
lower resolution spectra from PEPSI (% ~50,000) compared to HARPS-N. The Mg
I lines at 5167.23 and 5172.70 A are located in the vicinity of the Fe 11 5169.0282 A
line, as highlighted by Hoeijmakers et al. (2019) in their Fig. 8. To avoid any potential
contamination from this iron line, we restrict the velocity range around the centre of
the reddest line to + 80 kms™!. This excludes the Fe 11 line, which does not appear in
neither transmission spectrum (see Fig. 2.17). For the first time, we detect an additional
Mg 1 line at 5528.40 A with a 4.5¢ significance.

Calcium

We extracted transmission spectra for five Ca I and two Ca 11 lines. The best Gaussian fit
parameters are listed in Table 2.4, while the transmission spectra are shown in Fig. 2.18.
We detect for the first time five individual lines of neutral calcium with significance
larger than 30 and with absorption depths of 0.04—0.08% that translate into planetary
radii of 1.03—1.06 R,. The region around these lines is not affected by other species
observed in the atmosphere of KELT-9b, supporting their identification. This is the
first detection of individual Ca I lines in the atmosphere of KELT-9 b, though Ca 1 has
been detected in the atmosphere of KELT-9b by Borsato et al. (2023) through cross-
correlation technique on HARPS-N Night 1 and Night 3 data along with two nights
obtained with CARMENES.

We also detect the Ca 11 H&K doublet, finding an absorption depth of 0.67+0.05% and
0.5440.06% that translate into planetary radii of 1.42 R, and 1.33 R, respectively. Ca
1T has been detected by Borsato et al. (2023) and Turner et al. (2020) as well. The Ca
11 H&K lines have been identified by Yan et al. (2019) using both cross-correlation and
single line analysis. Yan et al. (2019) reports a combined H&K line depth of 0.7840.04
% corresponding to 1.47+0.02 R,, in agreement with our measurement of the Ca 11 H
line. We already discussed the fact that the Ca 11 H line is blended with the He and Fe
I lines as shown in Fig. 2.13. However, by choosing a narrower range around the line,
we are able to avoid the contamination and perform a Gaussian fit.

Scandium

Singly ionised scandium displays a few strong lines in the HARPS-N range, among
which we could identify five of them (see Fig. 2.19 and Table 2.4) ranging between 1.06
R, and 1.15 R,. Despite ionised scandium was also identified through cross-correlation

50



Section 2.1: Atmospheric characterisation of KELT-9 b via single-line analysis

by both Hoeijmakers et al. (2019) and Borsato et al. (2023) with high significance (>50
and >100, respectively), this is the first time Sc 11 individual lines are observed. We also
searched for neutral scandium signatures, but we failed to identify any of them, which
supports the non-detection by Hoeijmakers et al. (2019) obtained via cross-correlation.

Titanium

Starting from the database, we searched for the strongest Ti lines in the wavelength
range we have available. We confidently detected ten Ti II lines with a significance
greater than 30 (Table 2.4). We confirm the previous three Ti 11 detections made by
Cauley et al. (2019) and uncover eleven new ones. Overall, we find an average line depth
of 0.14£0.03% (corresponding to ~ 1.1 R,) and an average FWHM of 17.34+4.61
km s~ !for the identified Ti 11 lines, which are comparable to previous results. Individ-
ual values for the detection significance, absorption depth, ,, FWHM, and vy, are
reported in Table 2.4 and shown in Fig. 2.20 and Fig. 2.4. To mitigate blending effects
and avoid false detections, we excluded from the analysis some Ti II lines that were too
close to other lines of different atomic species.

We could not identify Ti I, despite it was tentatively detected by Borsato et al. (2023), but
with a low significance (~30) even with cross-correlation, hinting to the weakness of
the signal. Ti 11 has been previously detected via cross-correlation by Hoeijmakers et al.
(2018, 2019) and Borsato et al. (2023) with a significance of ~18c, ~250, and ~170
respectively, supporting our single line detections. We notice a discrepancy between
our resulting mean line shift from the zero point and those obtained by Hoeijmakers
et al. (2019) and Borsato et al. (2023). We recover a mean velocity shift of—5.194+1.45
km s~!, while they reported systemic velocity values in the—18 to—20 km s~ 'range. By
subtracting the stellar systemic velocity we adopted from their result (-17.74 kms™1),
we obtain vgys ~ 0-3 km s~'and hence a difference in retrieved values, which may arise
from the different methods and data sets used.

Vanadium

Neither V I nor V 1I were found by Hoeijmakers et al. (2019), but recently V 1 was
tentatively detected by Borsato et al. (2023) at ~3.50. We do not detect any V 11 single
lines, but report the possible detection of one V I line at 4379.23 A (4.30), as shown in
the tomography and in the transmission spectrum in Fig. 2.21. In a 2 A range around the
line of interest, we do not find possible contaminating species, supporting the detection
of V Iin the atmosphere of KELT-9 b.

Chromium

Ionised chromium was successfully observed in previous studies in the atmosphere of
KELT-9 b via cross-correlation (Hoeijmakers et al. 2019; Borsato et al. 2023) with high
statistical significance (>7¢). Neutral chromium was also detected at more than 50 by
Borsato et al. (2023), while Hoeijmakers et al. (2019) only report a tentative detection.
Our single line analysis reveals for the first time four Cr 1T lines with a significance
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Figure 2.4: Best fit parameters for each Till lines. The red and dashed blue lines repre-
sent respectively the mean and its uncertainty.

larger than 30 (see Fig. 2.22 and Table 2.4). Despite being detected by Borsato et al.
(2023) via cross-correlation, we did not detect any neutral chromium line due to the
weakness of the features.

Iron

Iron is the chemical species that displays the most lines in the optical range and thus
it has always been an ideal target for cross-correlation analysis. We focused mainly on
Fe 1 and Fe 11, which have been detected both via cross-correlation (Hoeijmakers et al.
2018, 2019; Borsato et al. 2023) and single line analysis (Cauley et al. 2019), detecting
10 Fe 1 and 25 Fe 11 lines. We also conducted an investigation into the presence of lines
corresponding to Fe 111, Fe 1v and Fe v, however, no detections were made in these
cases. From Fig. 2.5 and 2.6, we can see that Fe I lines are on average shallower and
more narrow than Fe 1I lines. The velocity shift values of the Fe I lines are in agreement
among them, except for a few isolated points (which are still within 20). Instead, Fe 11
lines present a larger scatter in velocity shifts. The Fe 1 and Fe 11 spectra are shown in
Fig. 2.23 and Fig. 2.24, while the best fit parameters are shown in Fig. 2.5 and Fig. 2.6.
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Table 2.5: Summary of the results obtained from the Gaussian fits to the detected iron

lines.
Gaussian fit NLTE model

Line Depth [%] R, FWHM [kms~'] v[kms™!] X2 | Vmie (kms™ v [kms™] x2,
Fe14071.74 | 0.25+0.06 1.17+0.04 5.86+ 1.73 -5.18+0.73 1.09|40+19 1+15 1.12
Fe14271.76 |0.22+0.08 1.15+0.06 1.91 4+ 0.79 -2.66 +033 084 | 1.0+£0.8 7417 0.86
Fe 14307.9 0.12+0.02 1.08+0.01 17.6+3.79 5074156 059 1.0+£24 1+13 0.57
Fe1432576 | 0.17+£0.04 1.12£0.02 -10.65+2.74 -11.16 =1.14 0.8 1.0£04 2411 0.92
Fe14404.75 | 0.124+0.02 1.08£0.02 17.43 +4.17 -8.89+172 081 ]20£+1.0 1£11 0.83
Fe14824.17° 0.06 +0.01 1.04 £0.01 18.67 +5.36 -7.44 +22 0.52 | 1.0+£0.8 11+13 0.52
Fe 14957.6 0.04 £0.02 1.03+0.02 14.75 £+ 8.97 -84 +£3.71 095 | 1.0+£0.1 1£21 1.01
Fe15269.53 [ 0.11 +£0.02 1.08+0.01 8.67 +1.93 -8.72 £ 0.81 0.7 1.0+ 0.6 547 0.66
Fe15328.032| 0.054+0.01 1.03£0.01 31.754+8.72 946 +346 057 | 14.0+£10.1 24 £ 16 0.59
Fe16494.98 | 0.09+£0.03 1.06+0.02 6.83 +2.52 -7.07+1.06 0.7 |1.0£0.2 16 + 15 0.78
Fe114173.45 | 0.24 £ 0.04 1.16 +£0.03 11.35+2.21 -6.74 + 0.92 1.03 | 20+1.2 1+9 1.1

Fe 114233.16 | 0.18 £ 0.04 1.13+0.02 19.28 +4.41 -6.51 + 1.81 1.52 | 1.0+ 1.1 3+£10 1.54
Fe 114296.62 | 0.08 +0.02 1.06 0.02 20.93 +7.75 -824+3.16 087 |3.0+£35 21 £ 10 0.85
Fe114303.16 | 0.12+0.02 1.09 £0.01 29.9 +6.41 -1.83+256 097 |3.0+19 24 +£8 1.02
Fe114351.76 | 0.21 £0.03 1.15£0.02 21.58+34 -824+139 089 |20+£1.0 9+9 0.92
Fe 11438537 | 0.11 £ 0.04 1.08 +0.03 11.4+4.67 -722+194 1.29|30+04 22+7 1.35
Fe 114489.17 | 0.1 £ 0.02 1.07 £0.01 16.88 +4.49 -598+185 079 | 1.0+ 1.1 4415 0.79
Fe 11450828 | 0.13 +£0.02 1.09 +£0.01 15.54 £2.91 -7.02+1.2 0.68 | 1.0+ 09 1+9 0.68
Fe114515.33 | 0.17+£0.02 1.12+£0.02 16.82 +2.71 -10.75+1.12 1.0 |30+13 2411 1.01
Fe114520.21 | 0.14 £20.02 1.1 +0.02 19.82 +-3.94 -7.13 £ 1.61 1.11 | 10X+ 1.6 4+12 1.16
Fe 114522.63 | 0.16 £ 0.02 1.11 =0.01 26.84 + 3.69 -532+149 095|40+0.8 20+ 5 0.95
Fe 114549.46 | 0.25+0.03 1.17+0.02 18.47 +£2.38 -0.61 098 142|40+04 446 1.34
Fe 114555.88 | 0.18 £ 0.03 1.124+0.02 13.69 +2.67 -6.45 +1.11 127 120+£13 T+7 1.28
Fe 114576.33 | 0.08 £ 0.02 1.06 =0.02 14.21 + 4.68 7724194 088 | 1.0+0.7 14+9 0.85
Fe114583.82 | 0.33 £0.02 1.22 £0.01 18.17 +1.58 -6.11 4+ 0.65 1.17 | 4.0+29 6+5 1.24
Fe114629.33 | 0.17 £20.02 1.12£0.01 16.1 £2.07 -5.88+085 0.64|30+£1.0 10+ 8 0.64
Fe 11492393 | 0.36 + 0.02 1.24 +0.01 16.19 £+ 1.07 -7.83+044 096 |30+1.0 1+4 1.0

Fe 11501843 | 0.37 £ 0.01 1.24 +0.01 20.6 +0.96 -591+039 0.63|40+05 11+4 0.87
Fe115169.02 | 0.47 +£0.02 1.3 4+0.01 19.44 + 1.11 24.11+£045 156 |40+04 14+3 1.66
Fe115197.57 | 0.14 £0.01 1.1 £0.01 18.86 +2.17 4474089 054 ]10+1.2 94+6 0.57
Fe115234.62 | 0.154+0.02 1.11 £0.01 18.98 +2.26 -534+093 072 |20+£12 8+6 0.72
Fe 11 5275.99 | 0.2 £ 0.01 1.14 £0.01 17.02+1.5 -7.12+0.62 0.62|30+04 3+7 0.63
Fe1153166 |0.26+0.02 1.184+0.01 18.61 +1.39 -4.6 +£0.57 085 |40+1.7 1+6 0.98
Fe 11 5362.86 | 0.11 £ 0.02 1.08 +=0.01 16.86 +£2.78 -8.8+1.15 0751 140+14 24 +£11 0.81
Fe 11 6456.38 | 0.1 £+ 0.02 1.07 £ 0.01 -12.13 £2.76 -774+1.15 057 11.0+£04 1+9 0.6

* Fe 1 line detected by Cauley et al. (2019) that we showed to be Cr 1I line thanks to the use of the individual NLTE models.
® Blending between two different lines.

54



Section 2.1: Atmospheric characterisation of KELT-9 b via single-line analysis

2.1.4 Comparison with NLTE models

The intense ultraviolet (UV) radiation that the planet experiences as a result of the host
star’s high temperature and close orbital separation leads to significant deviations from
Local Thermal Equilibrium (LTE) (Fossati et al. 2021). These authors highlighted
how the Ha and Hf transmission spectra are in an excellent match with their models
once NLTE effects are taken into account in the computation of both the temperature-
pressure structure and the transmission spectrum. Hence the observations can be used
to further constrain the theoretical models, and thus the physical properties of the exo-
planet atmosphere. Furthermore, as Fossati et al. (2021) mentioned, the NLTE synthetic
transmission spectrum can be used to guide future observations aiming at detecting fea-
tures in the observed transmission spectrum, as done by Borsa et al. (2021b). NLTE
synthetic transmission spectra considered in this work and published by Fossati et al.
(2021) have been computed using the Cloudy for Exoplanets (CfE) interface, which
enables one to use the Cloudy general purpose NLTE radiative transfer code for mod-
elling the atmospheric structure of middle and upper planetary atmospheres and gener-
ating transmission spectra. All necessary information about C{fE, Cloudy, and the NLTE
models of KELT-9 b can be found in Fossati et al. (2021).

As for the results in Section 2.1.3, we divide our comparison with NLTE models in
two sections, one for the hydrogen Balmer series and one for the metal lines. Fossati
et al. (2021) and Fossati et al. (2020) already compared their NLTE models with those
obtained by other works detecting Balmer lines mentioned in Section 2.1.3. For the
analysis of the detected metal lines, we used the NLTE models to support our detections,
checking the presence of features in the NLTE spectra in the same region where we
find an absorption signal in the observed transmission spectrum. To further verify that
an observed absorption feature in the NLTE spectrum was due to a specific species,
we also used NLTE models computed accounting only for hydrogen and the specific
species considered. Hereafter, we refer to the latter as “individual NLTE models”, while
we call global NLTE models, the NLTE transmission spectrum computed accounting
for all species.

Then, we carried out an analysis similar to Borsa et al. (2021b), where we used different
microturbulence (vy,;.; velocity of gas on a scale smaller than the pressure scale height,
implemented by adding it in quadrature to the thermal velocity) and macroturbulence
(Ymae; velocity of gas on a scale larger than the pressure scale height) velocity values to
account for any additional line broadening. We created a grid of models with different
Vmic values ranging between 1 and 14 km s~!(in steps of 1 kms™!), and for each model,
we convolved the transmission spectrum with: i) the rotational profile of the annulus
representing the atmosphere (as done by Brogi et al. 2016), ii) a step function to in-
clude the broadening due to exposure time (with a size of 4.7 kms™!, retrieved from
the in-transit mean exposure time of 404 s) and, iii) a Gaussian kernel with a FWHM
equal to a vy, broadening between 1 and 25 kms™?, in steps of 1 kms™'. We then
selected the Vp;—Vmqe pair that minimises the 2. To this end, for each spectral feature,
we shifted the NLTE synthetic spectrum to match the centers of the observed lines.
This is necessary because, when generating spectra, the Cloudy code (used to generate
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the NLTE spectra; Ferland et al. 2017) does not locate spectral lines at the expected
wavelength, but at the center of the spectral bin in which the line falls, which thus de-
pends on the spectral resolution used to compute the synthetic spectra. This is why the
NLTE synthetic spectrum cannot be used to derive line shifts from the observations.
We remark that this coarse placement of the spectral lines impacts exclusively the com-
putation of the output spectra and not the NLTE radiative transfer, which is instead
computed considering the actual line wavelengths. Before the comparisons all the mod-
els are normalised by dividing for a fitted continuum in a small range around the line.
The best fitting NLTE synthetic spectra for each line are shown along with the observed
transmission spectra and Gaussian fits from Fig. 2.3 to 2.24. The best v/,;.—Vmq. Values
along with the X2, values are listed in Table 2.3. We stress that the 2, values that we
report in Table 2.3, Table 2.4 and Table 2.5 may be underestimated due to the search of
the Vy;c—Vmae Mmodels that minimize the szed.

Hydrogen Balmer Series

Fossati et al. (2021) already presented a comparison between their NLTE and LTE
synthetic spectra for Ho and HS and the transmission spectra presented by Yan & Hen-
ning (2018), Turner et al. (2020), Cauley et al. (2019) and Wyttenbach et al. (2020),
noticing a good ? agreement, and that the NLTE synthetic transmission spectrum fits
significantly better the observations compared to the LTE model. We extended their
comparison for Ha and Hf to our results including the other Balmer lines detected.
The X2, reported in Table 2.3 suggests that NLTE models are in good agreement with
our results: Ho and H x2, values are compatible with the ones listed in Fossati et al.
(2021) and all the values are below 1 except for H( . This discrepancy may be explained
by the large S/N of the observations in that spectral region that gives rise to normalisa-
tion problems. However, despite the low Y2, the NLTE model predicts the existence
of the H( line supporting our detection.

Metals

For the analysis of the metal lines, it is important to consider that the NLTE models
have been computed using solar abundances and that the synthetic transmission spectra
have been computed using the sub-stellar temperature-pressure profile, which is proba-
bly overestimating the temperature at the terminator region probed by the observations
(Fossati et al. 2021). These two effects may lead to discrepancies in the comparison
with the observations in terms of depth and shape of the lines.

- Na: the Na lines are both predicted by the NLTE models, which, however seem to
expect deeper lines, possibly due to a different abundance.

- Mg: the Mg I triplet b lines detected are predicted by the individual Mg 1 NLTE
model, which also confirms the presence of a Mg 1 line at 5528.40 A, corroborating our
detections. We stress also that the best 1/,,;,—Vmq. pair for this single line is in agreement
with the ones found for the two reddest lines of the triplet.

- Ca: the synthetic NLTE spectra predict the existence of both the Ca 1 lines we de-
tected, although these two lines are just above the 3o threshold for the detection. The
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Ca 11 H line shows a larger broadening than the Ca 11 K line as already found by the
Gaussian fit with a v, of 8 kms~'and 4 km s, respectively.

- Sc: the comparison with NLTE models and the use of the individual species is par-
ticularly important for species like Scandium that have never been detected via single
line analysis and that could be confused for other lines. In our case, the global NLTE
model predicts the existence of all detected Sc 11 lines, but individual models show that
the 5657 A and 5684 A lines might be blended with other weaker lines, respectively a
close Sc 11 and Na I, with the latter line not detected in the atmosphere of KELT-9 b.

- Ti: None of the detected lines are predicted by the individual Ti 11 NLTE models,
while few of them may originate by the contamination of other species predicted by the
global NLTE model. For the lines where the global NLTE model does not predict the
existence of any feature due to other species, we checked the presence of other lines of
species detected in the Vienna Atomic Line Database (VALD3) database (Piskunov
et al. 1995), which is more complete compared to NIST. We conclude that the detected
features may be due to ionized titanium, which has been detected via single line analysis
and cross correlation by Hoeijmakers et al. (2018, 2019) and Borsato et al. (2023).

- V: neither the global nor the individual NLTE models predict the presence of the V 1
line at 4379.23 A that we tentatively detected. The line is present in the NIST database
and the reason why the NLTE model does not predict it may be related to the solar
abundance adopted by the model or by the assumption on the temperature profile at the
terminator region.

- Cr: as for Scandium, the comparison with the NLTE model is particularly useful for
the identification and detection of Chromium lines; the individual Cr 11 synthetic spec-
trum predicts the existence of all detected lines showing also the blending with weaker
lines (at 4558.64 A and 4618.8 A) that seems not to affect our detections. Also in this
case, the individual NLTE model does not forecast the presence of any of the Cr I fea-
tures, supporting our non-detection.

- Fe: the synthetic NLTE models predict the presence of the detected Fe I lines, except
for the line at 4824.17 A previously detected by Cauley et al. (2019), which is instead
due to Cr 1. The large FWHM obtained for the line at 5328.03 A is due to blending
with two Fe I lines, while the analysis of the 5269.53 A line shows the presence of a
strong nearby Ca I line. Overall, we report a good match between our Fe 1I detections
and the theoretical NLTE model. We remark that the Fe 11 lines at 5316.6 A and 4351.76
A might be affected by blending.

2.1.5 Discussion

The large amount of single lines detected allows us to better constrain the behaviour
of KELT-9 b atmosphere. In the analyses discussed below, we excluded the lines with
large FWHM that the comparison with NLTE models proved to be blended with other
lines. By coupling the depth of the line with the altitude at which it forms, we are able
to construct a map of the species detected as a function of altitude. Our observations
allow us to probe the atmosphere up to 1.5 R, which is still well below the Roche Lobe
(1.95R,). In the upper atmospheric layers, ~1.25 R, neutral Hydrogen and Ca 11 H&K
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form, while ionised iron forms below, extending down to 1.1-1.0 R,, where it mixes
with neutral Fe. Just below 1.2 R, we find Ti 11, while between 1.10 and 1.04 we find
scandium and Cr 11. Neutral calcium is the species that forms deeper in the atmosphere,
just above 1.03 R,,. Using the temperature-radius profile from Fossati et al. (2021), we
can couple the heights that we retrieved from the Gaussian fits with the modelled atmo-
spheric temperature obtained accounting for NLTE effects, as shown in Fig. 2.7. We
find that, in the upper atmosphere, H 1T Balmer lines form at a temperature higher than
7500 K, while Ca 11 lies above 8200 K. Slightly below 1.3 z,,, we find Fe 1I ranging
from 5000 K to 8000 K. Ti 11 and Fe 1 show a common range in height corresponding to
a temperature of 4800-6600 K. Sc 11 and Mg I lie between 5000 K and 6000 K, while
Ca1and Cr 11, which lie lower in the atmosphere, have temperatures below 5000 K.
The NLTE models predicted number densities for each neutral and ionised species sup-
port our detections. As a matter of fact, the general trend is that ionised species have
higher abundances compared to the neutral ones (see Fig. 2.8), corroborating the detec-
tion of Sc 11, Ti 11 and Cr 11. We are not able to find ionised magnesium due to the lack
of strong lines in the HARPS-N wavelength range, while for Ca and Fe we detect both
the neutral and the ionised lines, probably because of their higher abundance compared
to the elements for which we find only ionised species.

Fig. 2.9 shows the possible relations among our Gaussian best fit parameters. The dis-
tribution in height has been already discussed before, but from the histogram we can
clearly see how most of the lines detected are below 1.15 planetary radii, while only
a few lines of Fe 11, Ca II and the Balmer lines lie above. Overall, we find all lines
to be blue-shifted, with the distribution peaking around —6km s~'and ranging from 0
kms~'to —11 kms™!, except for two points above 0 kms~. We do not find a clear
correlation between the velocity shift and the height distribution, suggesting the ho-
mogeneous motion of the atmosphere in the probed layers. The systematic blueshift is
expected by the presence of night-to-dayside winds to due the fact that we are observing
the planet terminator. General circulation models for Hot Jupiter (HJ) predicts wind
speeds of typically 2—4 km s~!, that is slightly smaller than the 6 km s~!that we retrieve.
The FWHM of the lines detected returns a quasi-symmetric distribution peaked at ~20
kms~!, with a tail due to the Ca 11 and H Balmer lines, which have different physical
origin since their broadening is mostly due to collisional effects rather than rotational
ones.

We focused on the possible correlation between the FWHM and the height distribution
comparing the line widths and the height distribution in Fig. 2.9 in a similar way as done
by Borsa et al. (2021a). We excluded the H T and Ca 11 lines for the reason explained
above. Assuming the planet and its atmosphere rotate as a rigid body with a rotation
period equal to 6.6 km s~ !(tidally locked), we obtain the velocity-radius profile shown
by the purple line in the bottom panel of Fig. 2.9. Despite most of our points are at lower
radii, our results follow the tidally locked profile, supporting the expectation of tidally
locked rotation. In our analysis, we retrieve the FWHM from a Gaussian fit. Although
this does not take into consideration the fact that during the transit only an annulus is
visible, and that another profile would be required (Brogi et al. 2016), we decided to fit
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Table 2.6: Mean values of v,,;. and v,,. for each species detected.

Species Vmie IkKMmS™'] Voo [kms™!]
Hi1 3.67 £0.93 16.50 + 4.12
Nal 1.0 £0.02 13.0 £ 3.5
Mg1 1.75 £ 0.12 19.50 £ 3.63
Cart 3.40 + 0.61 15.6 +5.02
Sc 11 4.50 £ 0.97 13.0 £ 7.73
Cr11 2.00 +£0.34 13.0 £ 491
Fe1 270 £ 1.07 6.90 + 4.54
Fe 11 296 +028 792+ 1.66
All the species * 3.03 + 0.25 10.03 +1.43
Orb 3.0+£0.7 13+£5

We excluded from the analysis, the Ti 11 lines
since the NLTE models do not predict their
presence.

4 We did not include the H 1 and Ca 11 lines since
their broadening is mostly due to collisional ef-
fects.

® Results from Borsa et al. (2021b) with
CARMENES data.

a Gaussian profile as we aim for a qualitative comparison between the statistics inferred
from our results and the expected rotational profile shown in purple in Fig. 2.9.

The impact of NLTE effects in the atmosphere of KELT-9 b has already been discussed
by various studies (Fossati et al. 2020, 2021), and the inclusion of NLTE effects in the
modelling scheme has been found to be necessary to reproduce the observations. The
key impact of NLTE effects in the planetary atmosphere is in the significant increase
of the temperature in the middle and upper atmosphere. The overpopulation of Fe 11
which drives heating, significantly increases the absorption of stellar near-UV radiation,
where the host star’s spectral energy distribution peaks, further increasing the heating
rate. This process leads to the strong temperature inversion that we see in Fig. 2.7.

In summary, we compared our line fitting results to NLTE models, finding that the line
profiles, including the line depths, are well described by the NLTE synthetic spectra.
Furthermore, NLTE models have played a key role to identify and confirm the single
line detections presented here, hinting at the blending of different lines, which allowed
us to explain why few lines showed large FWHM values. We computed the mean vy,
and v, for each species obtaining the results listed in Table 2.6.

Borsa et al. (2021b) found vy, = 3.0 & 0.7 km s~ !and vy, = 13 &= 5 km s~ analysing
the oxygen triplet at about 7770 A with CARMENES data. The mean values of v,,;. and
Vmae that we retrieve including all the species except for H 1, Ca 11 and Ti 1I agree with
their results. We investigated the possible correlation between v,;. and v, and the
height distribution, shown in Fig. 2.10, and we did not find any significant correlation.
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Figure 2.7: Height distribution of chemical species detected expressed in planetary radii
as a function of atmospheric temperature. H I and Ca 11 lie on top, but still well below the
Roche (1.95 R,). The other metals are distributed at lower altitudes. The black dashed
line represents the temperature profile presented by Fossati et al. (2021) accounting for
NLTE effects. The full lines representing each species height distribution are shifted
with respect to the black dashed line for clarity.

We stress that we consider v, and v, as fudge parameters needed to explain the
observed extra-broadening, but they still do not have a well defined physical meaning.
The vy, values, considering their uncertainties, are compatible with zero.

2.1.6 Conclusions

In summary, we analysed six transit observations of the ultra-hot Jupiter KELT-9 b taken
with the HARPS-N spectrograph mounted at the TNG. The elevated temperature of
the planet results in the significant extension of the atmosphere and leads to an increase
in the signal-to-noise ratio of the data, making it the perfect target for transmission
spectroscopy. We employed the single line analysis technique to search for a variety of
metal lines across different species, ranging from the lightest elements like hydrogen to
the heaviest like iron. Thanks to the strong atmospheric signal due to the combination
of six observational nights, we were able to identify 70 individual lines belonging to
seven different species, Na I, Ca 1, Ca 11, Fe 1, Fe 11, Mg 1, Ti 11, Sc 11 and Cr 1I. This is
more than any other study utilising this technique has ever found. Our approach allowed
us to confirm previous detections and make new ones, such as the discovery of He and
H( that had been deemed only tentative up to now. H( displayed a larger depth than
expected and we stress that it might be influenced by normalisation problems arising
from the low S/N in the bluest part of the wavelength range covered by HARPS-N.
We also detected Cr 11 and Sc 11 single lines for the first time in the atmosphere of

60



Section 2.1: Atmospheric characterisation of KELT-9 b via single-line analysis

1013,

109 q

/4

105 q

— Nal
1014 Na Il
Mg |
— Mgl
Cal
Call
Scl
— Scll
10774 Til
Till
Crl
10714 — cCrli
Fel
— Fell

10—3,

Number Density [cm~3]

1.0 11 12 13 14 15 16
RIRp]

Figure 2.8: Number densities predicted by the NLTE model of Fossati et al. (2021) for
the detected atoms in neutral and singly ionised form. The dashed lines indicate the
height probed by the observations. Generally, the ionised species have higher number
densities compared to the neutral ones.

an exoplanet, along with many new lines from already detected species. Among the
chemical species that we looked for, we could not find He, Li, Be, K, Sr, Y, Ni, Ba, and
Mn single lines. Even though the atmospheric signal is strong, with an average S/N of
~100, one possible reason for these non-detections is the intrinsic weakness of those
lines, which might not be sufficient for a single line analysis study.

Single line analysis in transmission proved to be a powerful tool to support and confirm
detections made with cross-correlation studies, while delivering important physical in-
formation about the width and depth of the lines, which in turn provides clues about
the turbulence and the stratification of the atmosphere, in addition to information on the
physical and chemical structure of the atmosphere. By juxtaposing our absorption lines
with NLTE models, we could verify the presence of detected features and distinguish
regions where line blending may be occurring. Most of the lines analysed experience
a velocity blueshift corroborating the existence of night-to-dayside winds in the atmo-
sphere, especially for the lines forming between 1.07 and 1.20 planetary radii. The
rotational velocity and the height distribution generally agree with the hypothesis of a
tidally locked rigid rotating body. In conclusion, our study marks a significant contribu-
tion to the application of the single line analysis technique: we yielded an unprecedented
number of individual lines, detecting many of them for the very first time in an exoplan-
etary atmosphere. The large number of lines detected allowed us to further corroborate
the presence of winds and to clarify the atmospheric stratification of KELT-9 b.
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Figure 2.9: Analysis of Gaussian best fit parameters of all detected lines. Top panel:
histograms of height, velocity, and FWHM. Middle panel: Relations between velocity,
height, and FWHM. Bottom panel: Rotational velocity against the height in the atmo-
sphere (in planetary radii); the purple dashed line represents the profile expected for the
tidally locked scenario, while the black line represents the planetary radius.
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Figure 2.10: Distribution of vy,;. and v, as a function of the height, for the different

species detected. We also report, as comparison, the values retrieved by Borsa et al.
(2021b) with CARMENES data.

2.1.7 Additional Figures and Tables
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Figure 2.11: Mean S/N as a function of wavelength for each night analysed. Each point
in the wavelength axis is referred to the S/N value for each of the 69 HARPS-N orders.
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Figure 2.12: Absorption depth comparison with previous detections for Ha and Hf .
The cyan dashed lines represent the 30 confidence for our results. Ha results are in
good agreement with Turner et al. (2020) and Wyttenbach et al. (2020), but at odds
with Cauley et al. (2019) and Yan & Henning (2018), while Hf is in good agreement
with Wyttenbach et al. (2020), but not with Cauley et al. (2019). We stress that, apart
from Wyttenbach et al. (2020), the other data have been collected with different instru-
ments. The red dashed lines represent the minimum and maximum values retrieved
from analysing each night individually (see also Fig. 2.14).
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Figure 2.13: Region including Ca 11 H, Fe 1 and He with the corresponding Gaussian
fits.
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Figure 2.14: Best fit parameters obtained analising each night individually for Ha ,
Hp and Hvy . Cyan full and dashed lines represent respectively 1o and 30 confidence
for the values obtained including all nights. Although single nights results may differ in
some cases from those obtained from all nights combined, they are scattered around the
expected values. The discrepancy possibly arises from the low signal of the individual
nights. We stress that the scale of the nightly variability is larger than the comparison
with the other results shown in Fig. 2.12.
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Figure 2.15: Best fit parameters comparison with Wyttenbach et al. (2020). We also
show the results obtained with the method used in this work only for the same 2 transit
observations used by Wyttenbach et al. (2020). The cyan dashed lines represent the 3o
confidence interval for our results using all the available nights. For all lines, our results
are in good agreement with Wyttenbach et al. (2020) except for the velocity shift of He ,
which has been only tentatively detected by Wyttenbach et al. (2020).
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Table 2.7: Best Gaussian fit parameters for individual analysis of Hoa , HZ and H~y .

H

FinlFo

Night Depth [%] R, FWHM [kms~'] v [kms™!]
Hao

2017-07-31 0.87 £0.03 1.51 £0.01 4594 +1.89 0.33 £0.73
2018-06-10 093 +£0.04 1.54 +£0.02 47.04 +£2.31 —7.9 + 0.88
2018-07-20 1.02 +0.04 1.58 +£0.02 53.99 + 2.38 1.69 £+ 0.88
2018-07-23 0.77 £0.05 1.46 £0.02 4493 £3.3 —7.09 +1.27
2018-09-01 1.194+0.03 1.66 +0.02 56.76 + 2.05 —4.72 +£0.75
2018-09-04 0.85+0.06 15+003 5293+49 —2.71 +1.83
Combined 097 +£0.02 1.56+0.01 49.15+0.95 —3.32+0.36
Hj

2017-07-31 0.52+0.04 133 +£0.02 41.36 +£3.99 —3.05 £ 1.55
2018-06-10 0.53 +£0.04 1.34+0.03 61.62 + 6.65 —20.44 4+ 2.38
2018-07-20 0.83 £0.04 1.49+0.02 50.0+£291 —248 £ 1.1
2018-07-23 0.354+0.05 1.23+0.03 32.3+6.05 —8.71 £2.42
2018-09-01 091 £0.04 1.53+0.02 50.24 +2.58 —8.85 +0.98
2018-09-04 0.56 £0.05 1.354+0.03 39.28 +£3.99 —2.14 +1.57
Combined 0.64 +0.02 1.39+0.01 450+ 1.58 —5.67 £ 0.61
Hy

2017-07-31 04 +0.06 1.26+0.03 3438 £5.74 —4.64 +2.28
2018-06-10 0.33 £0.11 1.224+0.07 19.15+7.84 1.86 4= 3.23
2018-07-20 0.7 £ 0.09 143+ 0.05 31.87 £4.84 —0.32+1.94
2018-07-23 0.48 £0.09 1.31 £0.05 35.61 +7.68 —11.65 4+ 3.04
2018-09-01 0.69 £ 0.05 1.42+0.03 48.19 £4.24 —-50+1.62
2018-09-04 0.54 +£0.08 1.34 +£0.04 25.82 +£4.32 —7.454+1.75
Combined 0.51 £0.03 1.33 +£0.01 36.63 £2.17 —5.74 + 0.86
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Figure 2.16: Same as Fig. 2.3, but for the neutral sodium doublet. We also show the
individual Na 1 NLTE spectrum (computed considering only the H and the Na I species)

shifted upwards for clarity and not broadened.
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Figure 2.17: Same as Fig. 2.16, but for the Magnesium lines. The top row panels and
the bottom left one show the Magnesium triplet lines around 5167-5183 A, while the
bottom right panel shows the Magnesium line detected at 5528.40 A.
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Figure 2.18: Same as Fig. 2.17, but for neutral and ionised calcium lines.
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Figure 2.19: Same as Fig. 2.17, but for ionised scandium lines.
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Figure 2.20: Same as Fig. 2.17, but for the Titanium lines detected with significance

greater than 30.
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Figure 2.24: Same as Fig. 2.17, but for Fe 1I.
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KELT-9 b

2.2 The use of NLTE models to constrain C/O ratio in
the atmosphere of KELT-9 b

In the previous Section, I introduced my work (D’ Arpa et al. 2024b) where is discussed
the comparison of the observed lines of several elements in the atmosphere of KELT-9 b
with the NLTE models generated by Luca Fossati and already presented in several of
his works (Fossati et al. 2021, 2020). The models used in D’Arpa et al. (2024b) have
been generated at different v,;. but fixing the metallicity at the solar one.

In this section, I will first introduce more in detail the NLTE effects already discussed
in Section 2.1.4 and then, I will discuss the strategy used to constrain the C/O ratio
using the information extracted from the comparison between the NLTE models and
the observed data.

2.2.1 The importance of NLTE effects on exoplanetary atmospheres

The concept of Non-Local Thermodynamic Equilibrium (NLTE) refers to situations
where the population of energy states of atoms, molecules, or ions does not follow
the distributions predicted by the Boltzmann and Saha equations, which describe local
thermodynamic equilibrium (LTE). In NLTE conditions, the rate of population of en-
ergy states is influenced not only by the local temperature but also by external radiation
processes and unbalanced collisions, making atmospheres more complex to model and
interpret.

In planetary atmospheres, particularly in ultra-hot Jupiters such as KELT-9 b, NLTE
conditions arise due to high temperatures and intense radiation from the host star, lead-
ing to significant deviations from local equilibrium. These NLTE effects primarily im-
pact metals present in the atmospheres, such as magnesium (Mg) and iron (Fe), whose
energy levels can be overpopulated or underpopulated compared to LTE predictions.
In the context of high-temperature planetary atmospheres, iron and magnesium play
crucial roles in regulating thermal balance. For example, Fe 11 is a dominant heater due
to its abundance and its ability to absorb radiation in the ultraviolet bands, which are
particularly intense in hot stars like KELT-9 b’s host star. In NLTE conditions, some
Fe 11 levels are overpopulated, leading to increased radiative absorption and consequent
heating of the upper atmosphere. In contrast, magnesium, especially in the forms of Mg
I and Mg II, tends to be underpopulated, reducing the effectiveness of cooling through
radiative transitions involving these energy levels.

Fossati et al. (2021) used the Cloudy radiative transfer code, which includes NLTE ef-
fects, to model the temperature-pressure (TP) profile of KELT-9 b. The NLTE model
from Cloudy was combined with the HELIOS code for the lower part of the atmosphere,
which operates under LTE conditions. This combination was necessary because Cloudy
is optimized for simulating NLTE conditions in the upper atmosphere, where gas den-
sity is low and non-equilibrium effects are more pronounced, while HELIOS is more
accurate for denser, hotter regions where LTE is a good approximation.

In the case of KELT-9 b, Fossati et al. (2021) found that the TP profile obtained in NLTE
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was significantly hotter than previous LTE models, with temperature differences up to
2000 K in the line formation region. Specifically, the temperature increased from about
4000 K to 8500 K in the pressure range of 1 to 107 bar, remaining roughly constant
at lower pressures. This temperature increase is mainly due to the overpopulation of
energy levels of ionized iron (Fe 1I), which enhances radiative heating, while ionized
magnesium (Mg II) contributes marginally to cooling due to its underpopulation (Fos-
sati et al. 2020; Turner et al. 2020).

The results obtained by Fossati et al. (2021) clearly demonstrate that NLTE effects sig-
nificantly impact the thermal structure of KELT-9 b’s atmosphere. Models that do not
consider NLTE effects tend to underestimate the upper atmospheric temperature and,
consequently, misinterpret the formation of spectral lines, especially in the ultraviolet
bands. The NLTE simulations produce stronger absorption lines, particularly in the ul-
traviolet, where differences can reach up to 30% compared to LTE models. This leads
to a better match between models and observations of transmission lines, such as those
of hydrogen Ha and Hf , providing strong support for the findings (Yan & Henning
2018; Hoeijmakers et al. 2018; Turner et al. 2020).

These studies suggest that interpreting observations of ultra-hot Jupiter atmospheres
must consider NLTE effects, especially for metals like Fe and Mg, which play a cru-
cial role in determining temperature and pressure structure in the upper regions. The
approach adopted by Fossati et al. (2020) represents an important step forward in un-
derstanding the dynamics of these extreme exoplanetary atmospheres and highlights the
importance of detailed models that include non-equilibrium effects.

2.2.2 Constraining of the Oxygen abundance

The results I obtained in D’ Arpa et al. (2024b) described in Section 2.1.3 allowed us to
retrieve key information about the NLTE effects on KELT-9 b. Our comparison between
the observed transmission spectra of several metals and the expected NLTE models de-
veloped by Fossati, managed to discriminate the best 14,4 couple to minimise the
X24- The mean results for the different species agree with previous results from Borsa
et al. (2021b) hinting that the best Vpje-Vmae is 3.03 £ 0.25 kms™ & 10.03 & 1.43
kms~!, while Borsa et al. (2021b) ones lie in the 3.0 & 0.7 kms~'& 13 + 5 kms~},
respectively for v, and v,4.. The similar results, obtained with different instrumenta-
tion allow us to further try to determine the best metallicity of the NLTE models. We
generated a grid of several models with the Magnesium, Iron and Oxygen abundances
ranging from 0.2 times the solar one to 5 times, while the v,,;. spanning from 1 kms~!to
8 kms~!. We investigated the Magnesium and Iron because, as explained before, they
are the elements most sensitive to the NLTE effects.

At further step, I adopted a framework similar to the one introduced in D’ Arpa et al.
(2024b). I took each NLTE model in the grid (i.e., models with different abundances)
and I applied a broadening to include the planetary rotation and the smearing effect as
discussed in Section 2.1.4. Then, I varied both v,,,. and v,,,. and fitted the models to
the data computing the y2. We repeated the procedure described above for several lines
detected in D’ Arpa et al. (2024b). We compared the different models for the deepest of
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Figure 2.25: Chi square distributions obtained with the grid of models for the Mg I at
5528 A. Top panels: 2, distribution for different /p,;.-Vimqc pairs as a function of the
different abundances of magnesium, iron and oxygen. Bottom panels: x2, distribution
for different v, as a function of the abundance for models with vy, fixed to 13 kms~!.
The black lines represent the contour plots.

the neutral magnesium lines detected, while for the iron lines, we selected only 1 neutral
line and 3 for the ionised ones, focusing on the lines with a depth retrieved between 1.16
and 1.18 R,. We selected these lines to perform a better comparison with the Oxygen
triplet detected by Borsa et al. (2021b) with a depth of 1.17 R,,.

2.2.3 Magnesium and iron results

For each line investigated we repeated the procedure described above obtaining the plots
observable in Fig. 2.25, 2.26, 2.27 and 2.28. In the top panels of each Figure we can
see the Vp;.-Vma. maps for the different abundances, with the contour plots hinting at
the best distributions of the two parameters. In the bottom panels, we show the vy,
as a function of the different abundances fixing v/,,. at 13km s~ !since this is the value
obtained by Borsa et al. (2021b) for the oxygen.

From the v;.-Vmq. maps we can see that:

* for the Mg I line, the best 1/,;.-Vmq. Values do not depend on the Magnesium, Iron
and Oxygen abundances, although, the contour plots suggest a slight dependence
on the magnesium abundance, with larger v,,,;. preferred for lower abundances and
smaller v,,;. preferred for larger abundances. This is clear also from the bottom
panels of Fig. 2.25 where the best v,,;. is always close to Okms~!and no clear
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Figure 2.26: Same as Fig. 2.25 for the neutral iron line at 4071 A.

convergences can be seen;

e The neutral iron line investigated does not show a particular pattern for any of
the investigated abundances with the best Vpj.-Vmqee pair being 4 kms!and 1
kms~!. Fixing the v/, to 13 kms~!leads to a best v/, around 4-6 kms™!. It is
clear from the left and right bottom panels in Fig. 2.26, that this result does not
depends on the magnesium and oxygen abundances while for the iron abundances,
the minimum Y2, is reached at lower iron abundances;

* From the v,;.-/mqe. maps as a function of the abundance, we can see that the
1onised iron lines show well-constrained vy,;.-Vq. Values and a clear dependence
on the iron abundance. This is even more clear in the v,,;. vs abundances plots
where the correlation between the two parameters is clear. From these three lines,
it seems that adopting a 1,4, of 13 kms~!leads to a best iron abundances models
that spans between 0.75x and 1.5x solar iron abundance, with the best v/,,;. around
4-6 kms~!.

Oxygen results

We then moved to the Oxygen triplet investigated by Borsa et al. (2021b) who provided
its transmission spectrum extracted from the CARMENES data. We modelled the three
lines altogether fitting them simultaneously, repeating the same procedure described
above for the other lines, obtaining the maps shown in Fig. 2.28 which show interesting
behaviours. From the top panels of Fig. 2.28 we can see that the v,;.-Viqc pair is not
dependent on the Magnesium abundance, while from the contours we can see that they
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Figure 2.27: Same as Fig. 2.25 for the ionised iron lines at 4173.45 A, 4549.46 A and
5316.60 A.
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Figure 2.28: Same as Fig. 2.25 for the oxygen triplet lines from Borsa et al. (2021b).

slightly depend on the Iron abundance, and clearly on the oxygen one as expected. In
all the cases, from the contours it is clear that the best pair is well constrained. Fixing
the V4. to 13 km s™' we see that the minimum Y2, is reached for vy,;. = 4 km s~ for the
oxygen models, favouring the model with 0.35x the solar abundance.

2.2.4 Results and future developments

The next step in our work will be further investigating and corroborating the abundances
of Magnesium, Iron and Oxygen employing more NLTE models, including models with
mixed abundances. When the final abundances will be known, we will move our atten-
tion to constraining an upper limit to the Carbon which is undetected on the atmosphere
of KELT-9 b. After the upper limit on the C/O ratio will be fixed along with the abun-
dances of Iron and Magnesium, it will be possible to investigate the formation history
of this enigmatic planet.

2.3 Exploring KELT-9 b atmosphere within the GAPS
programme at TNG

Due to its very peculiar nature, KELT-9 b is one of the most studied exoplanets. Its high
equilibrium temperature makes it hotter than most of the stars in the universe, leading
to extreme conditions. Moreover, its A0 type star, should be free of any stellar activity
phenomena, such as spots and faculae, that may lead to fake detections or other effects
discussed in Chapter 4. Therefore, it is not a surprise that it is the best target to be
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studied in single line analysis. Within the GAPS collaboration we carried several works
regarding its single lines, especially focusing on the Iron and Sodium lines. In the next
sections, I will introduce and summarise two of the latest work where I was involved,
focusing, in particular, on the comparison of the results with the one by D’ Arpa et al.
(2024b) I introduced in Section 2.1 and on the differences between the method adopted.

2.3.1 Studies of atmospheric Fe 11 winds in ultra-hot Jupiters KELT-
9 b and KELT-20 b.

Within the GAPS collaboration I participated in the work led by Monika Stangret (Stan-
gret et al. 2024) on the study of atmospheric Fe 11 winds in ultra-hot Jupiters KELT-9 b
and KELT-20 b, in parallel to my work on KELT-9 b.

The main goal of the study was to investigate the atmospheric properties of two well-
known UHJs, KELT-9 b and KELT-20b, focusing on the detection of iron (Fe II) lines in
their atmospheres. The presence of Fe 11 in the atmospheres of UHJs is particularly in-
triguing due to its implications for understanding high-temperature chemistry and wind
dynamics within these exoplanets. Other studies, including D’ Arpa et al. (2024b), have
suggested that strong winds transport material from the day side, which is intensely
heated by the star, to the cooler night side, creating detectable blue-shifted absorption
lines.

The study aimed to:

* Detect and analyse individual Fe 1I lines in the atmospheres of these UHJs us-
ing transmission spectroscopy. This helps to identify the presence of the atomic
species and assess their distribution across the planetary atmosphere;

* Examine atmospheric wind patterns by measuring the velocity shifts of the de-
tected lines. Blue-shifted lines can indicate strong winds moving from the day
side to the night side of the planet, providing insights into atmospheric circula-
tion;

» Compare results with theoretical models that account for NLTE effects, enhancing
the understanding of high-temperature atmospheric processes.

Extraction of the transmission spectra

The main differences with respect to D’ Arpa et al. (2024b) can be found in some steps
of the framework to extract the transmission spectra and to fit them.

The first step in the analysis involves preprocessing the spectra to remove contamina-
tion from Earth’s atmosphere, known as telluric absorption. The primary tool used for
telluric correction in this study is Molecfit as already presented in D’ Arpa et al. (2024b).
After pre-processing, the spectra are shifted to the stellar rest frame. This involves cor-
recting for the barycentric motion of the Earth (i.e., the Earth’s movement around the
centre of mass of the solar system) and the radial velocity of the star due to its orbital
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motion caused by the planet. This step is essential to align the spectra in a way that iso-
lates the planetary signal. An additional challenge arises from the systemic velocity of
the planet-star system, which can vary across different studies. The systemic velocity af-
fects the position of the absorption lines and must be accurately determined to properly
isolate the planetary atmospheric signal. The study considered various systemic veloc-
ity values reported in the literature and refined them through their analysis, highlighting
the importance of this parameter in accurately modelling the Rossiter-McLaughlin ef-
fect and atmospheric winds.

RME+CLYV removal Two significant stellar effects must be corrected to accurately
interpret the transmission spectra: the Rossiter-McLaughlin (Rossiter-McLaughlin (RM))
effect and the center-to-limb variation (CLV). We already discussed in the previous
chapter as in D’ Arpa et al. (2024b) I modelled and removed the RME+CLV, which is
slightly different respect, as in this case.

Stangret’s study modelled these effects using synthetic spectra computed with Spec-
troscopy Made Easy (SME) software, which uses Kurucz stellar atmospheres and the
VALDZ3 line list. The models were generated for various limb-darkening angles and at
different phases of the planetary orbit, taking into account the planet’s varying cover-
age of the stellar disk. These models were then used to correct the observed spectra,
removing the RME and CLYV influences to isolate the planetary signal accurately.

This represents the first difference with respect to D’ Arpa et al. (2024b) as in my work,
I used one unique stellar model generated with ATLAS9 and, then, I used Exothetys to
retrieve the limb darkening dependent models as explained in Section 2.1.2.

Gaussian Fit To quantify the atmospheric signal, a Gaussian profile is fitted to the
transmission spectra of each detected Fe 1I line. This fitting process involves a The
Markov Chain Monte Carlo (MCMC) approach to simultaneously estimate the pa-
rameters of the Gaussian, as well as the contributions from the RME and CLV models.
The MCMC algorithm is employed to determine the best-fit parameters for the plane-
tary signal, which include the amplitude (strength) of the absorption line, the full width
at half maximum (FWHM), and the velocity of the planetary signal (combining the sys-
temic velocity and wind velocity). The velocity of the planetary signal, v, is modeled
using the equation:

vy = K, sin(27¢(t)) + Vsys + Vwind (2.4)
where:

» K, is the semi-amplitude of the planet’s radial velocity,

¢(t) is the orbital phase,
* Uy, 18 the systemic velocity,

* Vwing Tepresents the velocity of the atmospheric winds.
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The Gaussian model, RM, and CLV corrections are fitted simultaneously using the
MCMC analysis, ensuring that the final extracted planetary signal is free from stellar
influences. Only lines for which all parameters converge are considered as reliable
detections. This is different compared to the way we modelled the RME+CLV and
fitted the transmission spectra in D’ Arpa et al. (2024b).

An example of modelling and removal of RME+CLYV and the extraction of the trans-
mission spectrum can be seen in the top panels of Fig. 2.29 where is shown: in the first
the residual map obtained for the Fe 11 line at 5018.4 A for KELT-9 b in the stellar rest
frame. The light-tilted signal is the atmospheric signal of Fe 11, while the dark almost
vertical signal is the RM effect. The white horizontal lines indicate the start and end
of the transit, while the tilted white line indicates the expected trace of the Fe II line
considering velocities coming from the planet’s atmosphere, assuming v, = -21.61
kms~tas the average vg,s from our analysis. In the second panel, the best fit model
of the planetary signal and of the RM and CLV effects. Third panel: Same as the top
panel, but with the RM and CLV effects corrected. In the fourth panel, the transmission
spectrum of the detected line (gray dots). The black dots indicate the binned transmis-
sion spectrum with a step of 0.1 A. The red line is the best Gaussian fit of the planetary
signal derived from the MCMC analysis, the blue line shows the LTE model, and the
green line indicates the NLTE model. Finally in the bottom panel, the residuals after
removing Gaussian fit from the TS.

Results

For KELT-9 b, 21 single lines of Fe 11 were detected, all showing a blue shift that
indicates strong day-to-night side atmospheric winds. The cross-correlation method
also detected blue-shifted signals with a high signal-to-noise ratio. The study found that
the detected lines are consistent with models that assume non-local thermodynamical
equilibrium effects. The measured blue-shifted lines indicate strong atmospheric winds
moving from the day side to the night side of the planet. The systemic velocity measured
was slightly larger compared to values reported in the literature, supporting the detection
of significant winds.

The study notes that the detection of Fe 1I lines in KELT-9 b is consistent with D’ Arpa
et al. (2024b), who detected 25 lines using the same dataset but a different methodol-
ogy. D’ Arpa et al. (2024b) approach reported some overlapping results, but there were
differences in the lines excluded due to blending with other species or insufficient con-
vergence in the MCMC analysis used in this work. Specifically, four lines detected by
D’ Arpa et al. (2024b) were excluded in this study due to issues with convergence or
potential blending with other atmospheric lines. All the lines detected in Stangret et al.
(2024) have been detected in D’ Arpa et al. (2024b).

As stated previously, despite sharing the same dataset, there are some major differences
in the RME+CLV modelling and removal and in the fitting of the best parameters. As
can be seen in top panel of Fig. 2.30 and in bottom panel of Fig. 2.31, most of the lines
detected in both studies are overlapping, with some small differences in the velocities of
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the winds and depths retrieved. Generally, this discrepancies are within 1o uncertainty,
confirming the robustness of the results.

2.3.2 A homogeneous search for Na 1 and its possible variability in
ten gas giant exoplanets

Sodium (Na 1) is one of the most extensively studied elements in exoplanetary atmo-
spheres because of its strong absorption features in the visible spectrum, particularly the
Na 1 D doublet lines at 5889.95 A (D2) and 5895.92 A (D1). Detecting and characteriz-
ing sodium in exoplanet atmospheres can provide insights into atmospheric dynamics,
temperature profiles, and the presence of high-altitude winds.

A specific study, conducted as part of the GAPS (Global Architecture of Planetary Sys-
tems) program, was focused on the detection and analysis of sodium in the atmospheres
of ten gas giants, including KELT-9 b, using high-resolution transmission spectroscopy
data from the HARPS-N spectrograph mounted on the Telescopio Nazionale Galileo
(TNG). The data analysis was performed using the public tool SLOPpy (Spectral Lines
Of Planets with python Sicilia et al. 2022), which efficiently corrects for telluric contam-
ination, stellar effects, and extracts the transmission spectra to identify the absorption
features of atmospheric species. The method is similar to the ones described in the pre-
vious sections for D’ Arpa et al. (2024b) and Stangret et al. (2024). An example of the
extracted sodium doublet can be seen in Fig. 2.32.

Results

A key aim of this work was to verify the presence and variability of sodium absorption
signals in the selected targets, compare the results with theoretical models, and assess
the influence of data quality and analysis methods.

In this study, KELT-9 b was observed over six nights, yielding high-confidence detec-
tions of the Na 1 D lines. The main results for KELT-9 b’s sodium absorption are as
follows: Both Na 1 D1 and D2 lines were detected with absorption depths of approxi-
mately —0.13 £ 0.02%, indicating the presence of sodium in the upper atmosphere of
KELT-9 b. The observed blue shift of approximately —7 km s~ !suggests strong day-to-
night atmospheric winds, consistent with the high-speed dynamics expected in ultra-hot
Jupiters. The line profiles were fitted using a double Gaussian model within an MCMC
framework. The resulting full width at half maximum (FWHM) of 18.3 km s~ 'reflects
broadening effects likely caused by thermal motion and high-altitude winds. Despite
variability in line depths across individual nights, the overall signal remained consistent
across all observations, supporting the robustness of the sodium detection.

In D’ Arpa et al. (2024b) I analysed the same HARPS-N dataset for KELT-9 b, focusing
on a single-line analysis approach that carefully modeled stellar contamination, such as
the center-to-limb variation (CLV) and Rossiter-McLaughlin effect (RME). Here is a
comparison of the results: D’ Arpa et al. (2024b) reported slightly shallower absorption
depths for the Na 1 D lines, around —0.11% for both D1 and D2. These differences could
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Figure 2.29: Top panel: Residual map obtained for the Fe 11 line at 5018.4 A for KELT-9
b in the stellar rest frame. The light-tilted signal is the atmospheric signal of Fe 11, while
the dark almost vertical signal is the RM effect. The white horizontal lines indicate
the start and end of the transit, while the tilted white line indicates the expected trace
of the Fe II line assuming v,,, = -21.61 km s~las the average Ugys from our analysis.
Second panel: Best fit model of the planetary signal and of the RM and CLV effects.
Third panel: Same as the top panel, but with the RM and CLV effects corrected. Fourth
panel: Transmission spectrum of the detected line (gray dots). The black dots indicate
the binned transmission spectrum with a step of 0.1 A. The red line is the best Gaussian
fit of the planetary signal derived from the MCMC analysis, the blue line shows the
LTE model, and the green line indicates the NLTE model. Bottom panel: Residuals
after removing Gaussian fit from the TS. From Stangret et al. (2024).
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Figure 2.30: Top panel: fitted v,,,+wind for each of the detected lines. The red dots
represent the results of D’Arpa et al. (2024b). Middle panel: fitted v,,, for each of
the detected lines in Stangret et al. (2024). The red dashed horizontal lines indicate
the mean value of the v, = -21.61 £ 0.77 kms™!, while the grey horizontal dashed
lines indicate literature v, values: -17.74 £ 0.11 km s~1(Hoeijmakers et al. 2019), -
19.819 4 0.024 kms~!(Borsa et al. 2019), and -20.22 + 0.49 kms~!(GAIA). Bottom
panel: vy;,q versus amplitude (corresponding to the depth in D’ Arpa et al. (2024b)) plot,
where green points represent the values calculated by correcting the fitted v, ,+wind by

the mean v, and the black points represent the values corrected by v, fitted for each
of the lines separately.
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Figure 2.31: Top panel: Fitted R\ for each of the lines. The dashed horizontal line
indicates R\ = I?,. Bottom panel: Calculated R.;¢ values using the amplitude of the
detected signal for each of the lines (black dots) and the values obtained by D’Arpa
et al. (2024b) (green dots).

stem from the distinct data treatment methods and correction techniques employed, par-
ticularly in handling the CLV and RME effects. Both studies agree on the significant
blue shifts observed in the sodium lines, indicative of strong atmospheric winds. How-
ever, while this study measured a shift of about —7 km s D’ Arpa et al. (2024b) re-
ported a slightly lower shift near —5 kms™!. These variations highlight the sensitivity
of velocity measurements to data reduction processes and underscore the need for con-
sistent methodologies. The consistent detection of sodium with similar blue shifts in
both studies reinforces the understanding of atmospheric circulation in KELT-9 b, char-
acterized by high-speed day-to-night side winds. The slight discrepancies in absorption
depths and shifts emphasize the influence of data quality, analysis techniques, and po-
tential intrinsic variability in the atmospheric signals.

Overall, the sodium detections in KELT-9 b confirm the presence of complex and dy-
namic processes in its atmosphere. The comparison with D’ Arpa et al. (2024b) high-
lights the importance of methodological consistency in interpreting high-resolution spec-
troscopic data and provides a clearer picture of sodium’s role in the atmospheric dynam-
ics of ultra-hot Jupiters.
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Figure 2.32: Final transmission spectrum of KELT-9 b centred around the Na I D (light
gray), also binned by 20x in black circles. The red line is the MCMC Gaussian fit,
while the dashed blue vertical lines indicate the rest frame transition wavelengths of the
sodium doublet. From Sicilia et al. (2025).
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Chapter 3

Validation of the method and
application to other exoplanets

The framework I introduced in the previous chapter proved to be valid to extract and
fit single lines transmission spectra. Particularly, despite it was developed to extract the
Balmer series in the atmosphere of KELT-9 b, it was used in D’ Arpa et al. (2024b) to
extract and fit also metal lines. In single line analysis context, KELT-9 b represents a
unique thanks to its extremely large temperature strongly influenced by the huge stellar
irradiation of its A0 type host star. The stellar condition heavily influences the difficulty
of extracting the transmission spectra in several ways: hotter stars, as the A and early
F-type ones, are less affected by stellar activity due to their lack of an outer convec-
tive zone; I will discuss the impact of activity in the transmission spectra in Chapter 4
analysing G, K and M type stars. Another parameter having a major impact on the trans-
mission spectrum of individual lines is the stellar rotation: fast rotating stars have more
broadened lines with respect to non rotating stars. This impacts the transmission spec-
trum since this is computed by dividing the in-transit spectra by the master-out. With
deeper lines, the relative change in the division causes a larger noise in the 2D tomog-
raphy. Moreover, fast rotator stars cause a larger Rossiter-McLaughlin Effect (RME)
that needs to be carefully removed as shown for KELT-9 b. In this chapter I will first
introduce the results obtained within the collaboration with Valerio Fardella during his
master thesis that I co-supervised, where we validated the framework on another target
similar to KELT-9 b, KELT-20 b, and we tested it on other more complex targets. After
proving the framework valid and showing the application to other targets, in Section
3.2 T will discuss several atomic detections in a target similar to KELT-9 b, TOI-1518
b. In Section 3.3 I will show a work concerning the application of the method, origi-
nally developed for High Accuracy Radial velocity Planet Searcher for the Northern
emisphere (HARPS-N) data to WASP-94A b, an Ultra Hot Jupiter (UHJ) observed
with Echelle SPectrograph for Rocky Exoplanets and Stable Spectroscopic Obser-
vations (ESPRESSQO) spectrograph.
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3.1 Testing the method: KELT-20 b, KELT-6 b, WASP-
69 b, GJ-3470 b and WASP-107 b

During my PhD I had the opportunity to be co-supervisor of the Master Thesis of Vale-
rio Fardella named ”Analysis of the Balmer series in several exoplanets atmospheres”.
The aim of the work was to investigate exoplanetary atmospheres using high-resolution
spectral data obtained from the HARPS-N spectrometer mounted on the Telescopio
Nazionale Galileo, applying the method I developed for Kelt-9 b. In the work Valerio
and myself tested the framework I developed for KELT-9 b and introduced in the previ-
ous Chapter to analyse the single lines of five planets: KELT-20 b, KELT-6 b, WASP-69
b, GJ-3470 b and WASP-107 b. In particular, we used KELT-20 b as a benchmark to
validate the method, as it shows conditions similar to KELT-9 and it has been already
analysed with other methods. Eventually we applied the method to a small sample of
heterogenous target, KELT-6 b, WASP-69 b, GJ-3470 b and WASP-107 b. These plan-
ets are colder and smaller than KELT-9 b and KELT-20 b, and hence represents a valid
opportunity to test the framework with target showing different conditions. In Table 3.1
we show the parameters of the planets and stars analysed in this section.

Table 3.1: Parameters of KELT-6, WASP-69, WASP-107, GJ-3470, and KELT-20 from
Damasso et al. (2015), Bonomo et al. (2017), Anderson et al. (2017), Awiphan et al.
(2016), and Lund et al. (2017) respectively.

KELT-6/KELT-6 b WASP-69/WASP-69 b WASP-107/WASP-107b  GJ-3470/GJ-3470 b KELT-20/KELT-20 b
M, [M,] 1.126 £ 0.058 0.826 % 0.029 0.69 % 0.05 0.539709%7 1765018
R, [Ro] 1.52070143 0.813 £ 0.028 0.66 £ 0.02 0.547 4 0.018 1.5650- 001
Tur [K] 6272 % 61 4700 + 50 4430 + 120 3600 = 100 87207560
Z [dex] —0.27 4 0.06 [Fe/H] 0.150 = 0.080 0.020 £ 0.100 [Fe/H] ~ 0.20 + 0.10 [Fe/H] 0.297322 [Fe/H]
logg 412 £0.07 4.50£0.15 45+0.1 4.695 £ 0.046 4.29070.030
7 [km/s] 11402 —9.62826 + 0.00023 14.160 £ 0.002 26.51691 + 0.00053 233403
vsini [km/s] 4.53+0.26 2.20 + 0.40 25408 <2 1174429
Spectral type F8 K5 K6 ML1.5 A2
P [days] 7.8455821 4 0.0000070  3.8681382 4 0.0000017  5.721490 4 0.0000002  3.3366496+59000089  3.4741085 + 0.0000019
M, [M;) 0.442 4 0.019 0.250 £ 0.023 0.1240.01 0.0437 + 0.0047 < 3.382
R, [R;] 1.18 £0.11 1.057 £ 0.047 0.94 £ 0.02 0.408 % 0.016 1.741750%
pp [glem?] 0.33%5130 0.262+0:047 0.19 4 0.03 0.80 +0.13 0.80 4 0.13
a [AU] 0.080 % 0.001 0.0452719-5005% 0.055 % 0.001 0.0355 + 0.0019 0.0542F 9005
T [K] 131333 963 + 18 770 + 60 593.5 & 96.5 2262 + 73
i [deg] 88.8170109 86.71 & 0.20 89.7+£0.2 89.13792¢ 86.127928
\ [deg] —36+11 0.4729 118.17%7% 98115 34421

3.1.1 Methods

We tested several steps of the framework that I developed and introduced in the previous
chapter to assess the presence of hydrogen, sodium, and calcium in the atmospheres of
the target investigated.
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WASP-107 b

Table 3.2: Info about the observation nights for each target.

Target Night Date # spectra Average SNR
KELT-20  #1 2017-08-16 90 51
#2 2018-07-12 116 78
#3 2019-07-19 78 81
#4 2019-08-26 30 13
#5 2019-09-02 29 14
#6 2022-07-41 30 10
KELT-6 #1 2015-04-11 31 47
WASP-69  #1 2016-06-04 17 36
#2 2016-08-04 18 29
#3 2019-07-24 25 32
#4 2020-08-09 24 41
WASP-107  #1 2019-02-08 18 18
#2 2019-05-04 20 20
GJ-3470 #1 2018-01-13 15 6
#2 2018-01-23 17 8
#3 2019-02-04 16 6
#4 2019-12-28 18 13
#5 2020-01-28 14 14
#6 2022-12-24 15 18

Data Preparation and Normalization

We analysed the datasets obtained in almost ten years of the GAPS program with
HARPS-N. A log of the transits observed can be seen in Table 3.2 The data normal-
ization process was crucial for accurate spectral analysis. Each collected spectrum was
divided by its continuum shape to bring their flux values to a common level. The shape
of the spectrum was obtained by applying a Gaussian filter with a standard deviation
large enough to smooth out all lines, typically set to o = 10, 000. This filtering allowed
the extraction of a continuum that approximates the overall trend of the spectra without
the influence of narrow spectral lines. The normalization method ensured that variations
across different spectra were minimized, allowing for direct comparison of the observed
absorption features.

A secondary normalization method was employed for specific spectral lines, such as
Ha , when the initial approach produced an incorrect continuum slope. This alternative
method involved selecting two equidistant intervals from the spectral line center, fitting
linear functions within these intervals, and using the fitted lines to scale the spectra.
This approach helped maintain the symmetry of the line shapes, critical for accurate
absorption depth measurements.
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Stellar Signal Removal and Master-Out Spectrum Creation

To isolate the planetary signal, a master-out spectrum was generated by averaging all
out-of-transit spectra from each observation night. This master-out spectrum represents
the star’s contribution without the planet’s interference. Each in-transit spectrum was
then divided by the corresponding master-out spectrum, effectively removing the stellar
component and revealing the planetary absorption features. The stellar spectra also
underwent correction for systematic radial velocity shifts using the formula:

)\star = )\sun (31)

where 7 is the star’s systemic radial velocity, allowing the spectra to be accurately anal-
ysed in the host star’s reference frame.

Telluric Line Correction

Since the HARPS-N instrument is ground-based, the collected spectra were contami-
nated by telluric lines from Earth’s atmosphere, particularly in regions between 5870-5940
A and 6450-6600 A. These lines were removed using the Molecfit software, which fits

a model of the Earth’s atmospheric absorption and corrects the observed spectra. The
correction ensured that telluric absorption did not interfere with the planetary signals,
particularly crucial for the accurate analysis of the Ha and sodium doublets.

Tomographic Mapping

The corrected spectra were arranged in a two-dimensional tomographic map with rows
corresponding to individual spectra ordered by the orbital phase and columns repre-
senting radial velocity or wavelength values. The tomographic map provided a visual
representation of how spectral lines vary during the planet’s transit. The planetary ab-
sorption signal appeared as a dark trace within the map, indicating a reduction in flux
where atmospheric absorption occurs.

Rossiter-McLaughlin Effect Correction

The Rossiter-McLaughlin (RML) effect, caused by the stellar rotation during the plan-
etary transit, introduces apparent emission features that can obscure the true planetary
absorption signals. The effect was corrected by calculating the obscured stellar flux for
each in-transit spectrum using a limb-darkening model defined by:

I(p) = L1 — (1 = p) = ea(1 = p)?] (3.2)

where i is the distance from the star’s edge, and ¢y, ¢y are limb-darkening coefficients.
By removing the calculated obscured flux from the master-out, the corrected tomo-
graphic maps better isolated the true planetary absorption features.
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3.1.2 Results
KELT-20 b: validation of the method

The atmospheric analysis of KELT-20 b served as a benchmark to validate the methods
employed in Chapter 2 due to its well-documented Balmer lines and sodium doublets
observed in previous studies Fossati et al. (2023a); Casasayas-Barris et al. (2019) along
with its properties similar to KELT-9 b’s ones. The Ha absorption (shown in details
in Fig. 3.1) feature was prominently detected with a depth of approximately 0.73%,
significantly larger than the initially uncorrected depth of 0.69%. The corrected depth
corresponds to an extended atmospheric height of about 25.97% of the planet’s radius
(Rpitatm = 1.2597 £ 0.013R,,).

Additionally, other lines in the Balmer series, including H3 , Hy , and H) , were identi-
fied, although with progressively smaller depths. The analysis indicated that the hydro-
gen atmosphere is both extended and hot, with line shapes suggesting the presence of
high-energy processes such as photoionization and thermal escape. Comparisons with
Fossati et al. (2023a) revealed similar line strengths, validating the transmission spec-
troscopy and normalization methods employed in this thesis. The detection of sodium
(Na 1) and calcium (Ca 11) doublets also aligned well with previously reported values,
confirming the method’s robustness in isolating planetary atmospheric features. We
show the results obtained in Fig. 3.2 and Fig. 3.3.

WASP-69 b: Detection of Na 1 D2

The atmosphere of WASP-69 b, a warm Jupiter with a K5-type host star, showed none
of the Balmer lines. We observe an absorption signal in the in-transit spectrum of the
D2 line of the sodium doublet corroborating the detection by Casasayas-Barris et al.
(2017). This is evident in the transmission spectra (Fig. 3.4, fourth row). For the D1
line, there is no detection, while for the D2 line we obtained an absorption depth of
(4.27 £ 1.16)%, which corresponds to a planet radius of (1.87 4 0.03)Rpl. This result
has a significance of 3.68c (marginally detection) and is marginally comparable with
the (5.8 £ 0.3)% by Casasayas-Barris et al. (2017).

KELT-6 b H~ spurious detection

KELT-6 b, a warm sub-Jupiter, displayed no detection of Ha, H /3, and H lines as any
Gaussian fit gives meaningless results for their respective transmission spectra. In such
cases where it is not possible to perform a Gaussian fit, it is not possible to iterate the
process to obtain a more accurate correction of the RML effect since there is no value
for the height of the atmosphere. We report the detection of A~ with a depth of (3.14
+ 0.53)%. One possible explanation for the detection of H~y without Ha H [ is that
the detected line is a stellar residual due to an inaccurate correction of the RML effect.
The analysis of the Ca doublet for this target is difficult because of the low signal in the
bluest part of HARPS-N spectrum. We did not detect any Na lines.
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Figure 3.1: Ha results for KELT-20 b. First row: tomographies before the correction
of the RML effect. The four black dashed horizontal lines indicate, starting from the
bottom, the times t1, t2, t3 and t4 respectively. Second row: Correction terms for the
RML effect of the last step of the iteration. They have been estimated starting from
the ATLAS stellar models. Third row: tomographies after the correction of the RML
effect. The black dashed horizontal lines have the same meaning of the ones in the first
row. Fourth row: Transmission spectra of the Balmer series lines. The red curve are the
Gaussian fits applied on them. Fifth panel: residuals of the Gaussian fits. Adapted from
Valerio Fardella’s master thesis.
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Figure 3.2: Same as Fig. 3.1 for the H3 , Hy , Ho and He lines of KELT-20 b. Adapted
from Valerio Fardella’s master thesis.

KELT-20 b sodium and calcium lines
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Figure 3.3: Same as Fig. 3.1 for the Na 1 and Ca 11 doublets of KELT-20 b. Adapted
from Valerio Fardella’s master thesis.
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Figure 3.4: First row: tomographies before the correction of the RML effect of the D2
and D1. The four black dashed horizontal lines indicate, starting from the bottom, the
times tl, t2, t3 and t4 respectively. Second row: Correction terms for the RML effect of
the last step of the iteration. They have been estimated starting from the ATLAS stellar
models. Third row: tomographies after the correction of the RML effect. The black
dashed horizontal lines have the same meaning of the ones in the first row. Fourth row:
Transmission spectrums of the Balmer series lines. The red curve in the left panel is the
Gaussian fit for the D2. Fifth row: residuals of the Gaussian fit of the D2. Adapted from
Valerio Fardella’s master thesis.
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Section 3.2: Atmospheric characterisation of TOI-1518 b

GJ-3470 b and WASP-107 b non detections

Neither the Warm Jupiter WASP-107 nor the cooler GJ-3470 b show any detection in our
analysis most probably due to the very noisy data. In particular, GJ-3470 b, is a cooler
and less massive exoplanet compared to the other hot Jupiters analysed. Moreover, it
orbits around a M dwarf type star, which is particularly challenging to analyse due to
the large activity and noisy data.

3.1.3 Discussion and conclusions

The results of Fardella’s master thesis align well with findings from other studies that
utilize high-resolution spectroscopy for exoplanet atmospheric characterization. In par-
ticular, the pronounced Balmer series detections in KELT-20 b are consistent with stud-
ies that observe significant hydrogen-driven atmospheric escape. For example, Yan &
Henning (2018) identified similar deep Ha absorption features in ultra-hot Jupiters, sup-
porting the theory of photo-evaporation as a key atmospheric process in these planets.

The methods used to correct for the Rossiter-McLaughlin effect and telluric contamina-
tion introduced in the previous chapter proved highly effective, as validated by compar-
isons with Casasayas-Barris et al. (2019), where similar corrections allowed for precise
measurements of atmospheric depths. The detailed correction for stellar activity and
limb darkening further strengthened the robustness of the results, particularly in resolv-
ing fine spectral features that distinguish planetary signals from stellar noise.

The study confirms that hot Jupiters possess highly dynamic and extended hydrogen
atmospheres that are prone to significant mass loss. The detection of extensive Balmer
lines in the atmospheres of planets like KELT-20 b may indicate ongoing thermal escape,
driven by high stellar irradiation levels supported by the large host star temperatures.
These findings align with theories of photoionization-induced escape, where intense
ultraviolet and X-ray fluxes from the host stars heat the upper atmospheres, causing
them to expand and lose mass as discussed in Section 2.1.

Despite the non detection of Ha , Na and Ca in their atmospheres, the work done for
WASP-69 b and GJ-3470 b have been used as starting point of the analysis I carried on
in the visible part of the spectrum in Guilluy et al. (2024) discussed in Section 4.1.

3.2 Atmospheric characterisation of TOI-1518 b

In this section I will introduce the ongoing work that I am leading on the analysis of
the UHJ TOI-1518 b with HARPS-N and GIANO-B data. The target was part of a
proposal aimed to investigate the presence of Balmer lines in the atmospheres of planets
orbiting A and early F-type stars, that was lately included in the BRIDGES programme
(P.I. Borsa).
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Table 3.3: Parameters from Cabot et al. (2021) used in all the analyses of TOI-1518 b.

Parameter Value Reference

Stellar parameters

M,(Mg) oot 1.79 £0.26  Cabot et al. (2021)
Ri(Re).vvvviiiiiit. 1.95 +£0.05 Cabot et al. (2021)
Effective temperature(K).. 7300 & 100  Cabot et al. (2021)
log g (logjp(cms™2)) ... .. 41+0.2 Cabot et al. (2021)
Metallicity, [Fe/H](dex) .. -0.10 £0.12 Cabot et al. (2021)

Planetary parameters
Planetary mass, M,, (M) <23 Cabot et al. (2021)
Planetary radius, R, (Rj,;,) 1.87540.053 Cabot et al. (2021)
Orbital inclination, 7 (deg)  77.92 4+ 0.24 Cabot et al. (2021)
Projected obliquity,\ (deg) ~ 240.34709:  Cabot et al. (2021)

3.2.1 Introduction

Many UHJs, which have equilibrium temperatures exceeding 2000 K (Fortney et al.
2008) contain vaporized metals, both neutral and ionized, in their upper atmospheres
(e.g., Casasayas-Barris et al. 2017; Hoeijmakers et al. 2018). These metals and the
molecules containing them are recognized as strong sources of opacity in the optical
and near-ultraviolet regions (Fortney et al. 2008). UHJs often exhibit thermal inversions
(e.g., Haynes et al. 2015); however, the exact species responsible for the inversions
are debated (Fortney et al. 2008; Lothringer et al. 2022). High-resolution spectroscopy
has become a common method for detecting important species in UHJ atmospheres,
and also serves as a mean of probing winds (Louden & Wheatley 2015; Casasayas-
Barris et al. 2019) and extended atmospheres (Yan & Henning 2018). TOI-1518 b, a
highly irradiated gas-giant planet possessing iron vapour in its atmosphere is among the
first exoplanets discovered by Transiting Exoplanet Survey Satellite (TESS) with an
high-resolution detection of an atmospheric species as shown by Cabot et al. (2021).
This planet is orbiting a fast-rotating FO-type star of 7300K. Table 3.3 summarizes the
physical properties of TOI-1518 and TOI-1518 b. The planet with an equilibrium tem-
perature, Teq = 2498 K is ideal for a direct application of the single line analysis because
of its conditions similar to KELT-9 b. The system parameters results in a scale height,
H =551 km and a transmission spectroscopy metric, Transmission Spectroscopy Met-
ric (TSM) = 352. Usually, the best targets for transmission spectroscopy have a TSM
larger than 90, underlying the potentiality of TOI-1518 b for transmission spectroscopy.

3.2.2 Observations and methods

We collected two transits of the planet during 5th and 7th of September 2023 with both
HARPS-N and GIANO-B spectrographs at the Telescopio Nazionale Galileo (TNG)
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Figure 3.5: S/N as a function of the orbital phase for the two observed nights of TOI-
1518 b (top and bottom panels refer to the 5th and 7th of September 2023, respectively).
Dashed vertical lines represent the ingress and egress, while colormap shows the air-
mass.

in GIARPS configuration. The data have been obtained as part of the BRIDGES large
programme within the Italian Global Architecture of Planetary System (GAPS) col-
laboration. We registered an average S/N ratio at 5500 A of ~ 50 for both nights as
shown in Fig. 3.5 with no overall problems or anomaly conditions during the observing
nights.

The HARPS-N Data Reduction Software (DRS) automatically computes the cross-
correlation function between the collected raw 1D spectra and a stellar template obtain-
ing the so called CCF, which represents an average line profile for all the stellar lines in
the spectrum. We can apply to this CCF the same analysis employed for the individual
lines and compute the master-out and, eventually, the 2D tomography in the stellar ref-
erence frame. This is shown in Fig. 3.6. From the plot we can clearly see the presence
of both a dark region following the expected planetary trajectory and a brighter region
that match the region of the stellar disk we expect the planet to cover during the transit.
The first one represents the atmospheric absorption of the species in the atmosphere of
our target, while the second one represents the RME. The results of this work are the
subject of a paper in preparation within the Italian GAPS collaboration, led by myself
with the contribution of Federico Biassoni, Francesco Borsa and Gloria Guilluy.

Single line analysis We analysed the single line of the targets with a straightforward
application of the framework introduced in D’ Arpa et al. (2024b) and discussed in the
previous chapter analysing several lines belonging to H1, Na1, Ca 11, Ti 11, Fe 1, Fe 11,
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Figure 3.6: Residuals of the Cross Correlation Function (CCF) in the stellar reference
frame for TOI-1518 b. The dark region following the expected planetary trajectory
(dashed lines) represents the atmospheric absorption of the species in the atmosphere of
our target. The brighter region that match the region of the stellar disk we expect the
planet to cover during the transit (circles) represents the RME. The white dashed lines

represent the ingress and egress of the transit.
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Figure 3.7: Detected lines in the atmosphere of TOI-1518 b.

Ba 11, Mg 1, Cr 11 and Sc 11 analogously to what done for KELT-9 b. Moreover, we also
investigated the He I triplet that will be introduced in Chapter 4 with the same method
discussed in Guilluy et al. (2024); D’ Arpa et al. (2024a). Our analyses included the
telluric removal with Molecfit and the modelling and removal of the RME+Centre to
Limb Variation (CLV).

Cross-correlation with templates Along with the single line analysis we also per-
formed a cross-correlation with templates employing the method described in Biassoni
et al. (2024a) and in Section 4.2.2. We employed 5 sets of the Kitzmann templates
with temperature of 2500K, 3000K, 3500K, 4000K and 5000K and investigated all the
available templates in the database ! for each temperature.

3.2.3 Results

Single line analysis

We successfully detected the Ho line from the H 1 Balmer series without detecting any
of the other lines in the series observable with HARPS-N. This result is not unexpected
as the other Balmer series lines are weaker and have been detected only in few tar-
gets (HD189733 b, KELT-9 b, and KELT-20 b/MASCARA-2b; e.g., Cauley et al. 2016;
Cauley et al. 2019; Casasayas-Barris et al. 2019). We also detected one of the two lines
in the Sodium doublet. We show the two detections in Fig. 3.7. Apart from the two
lines shown in Fig. 3.7, we were not able to detect any other line. We were also not
able to investigate the Ca 11 H & K lines due to the low S/N ratio in the bluest part of
the HARPS-N spectrum. In the nIR we tried unsuccessfully to detect the He I triplet.
Orell-Miquel et al. (2024) in their catalogue level analysis showed that the He I triplet
has never been detected in planets around hot stars such as TOI-1518. This is mostly
due to the lack of XUV stellar irradiation in the stars of hotter spectral types (A, F and
G), making no previous ionization of He, needed to form the He 1 metastable triplet.

'"https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/669/A113
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Figure 3.8: SNR vs Radial Velocity (RV) for the investigated species in TOI-1518 b
with SNR larger than 30.

Cross-correlation with templates

The single line analysis is a powerful tool to investigate key feature of atomic species
like the atmospheric depth and the rotational broadening. However, as discussed in the
previous chapter, this method requires a large S/N ratio and it is not the best method to
assess the presence of atomic species in the atmosphere. The primate is handled by the
cross-correlation with templates, which manages to better detect the investigated species
by combining multiple lines. We tested more than 40 atomic species, both neutral and
ionised, with the different temperature templates. In Fig. 3.8 we show all the species
and their signal to noise ratio, SNR, that help us understanding the significance of the
detection. We selected only the species with SNR larger than 3 o, and as we can see,
there are several species with SNR larger than 4 o which is often the threshold set
for the detection. In Fig. 3.9 we selected for each temperature only the species with
a SNR larger than 3.5 o to account for species below the 4 o threshold that can be
considered tentatively detected. The number of species we investigated increases with
the temperature templates used since it results in more ionised species showing lines
in the visible range of HARPS-N spectrum. We also consider only the species with a
velocity shift between -20 km s~'and 20 km s~!as we consider the detection of species
with larger shifts due to spurious signals. We investigated individually all the species in
Fig. 3.9 to evaluate if the signal was arising from the planetary atmosphere or from other
effects such as aliases. From Fig. 3.10 to Fig. 3.14 we show the Kp (defined in Section
5.4) vs RV maps for all the detected and tentatively detected species.Considering all the
templates, we detected Ca 11, Cr 11, Fe 1, Fe 11, Na 1, Ti 11, Sc 11, Sr 1T and tentatively
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Figure 3.9: Kp vs RV for the investigated species for each temperature template in the
atmosphere of TOI-1518 b. We selected only the species with a SNR larger than 3.5
o and a velocity shift between -20 km s~'and 20 kms~!. The colormap represents the
SNR, while the dashed lines represent the expected position of the signal in terms of RV
and Kp.
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Figure 3.10: Kp vs RV maps for all the detected and tentatively detected species with
the 2000K templates in TOI-1518 b. We used two different colormaps for the species
with SNR larger than 4 o and the ones without. In each panel the SNR is represented
negatively. We also show with the cyan lines the expected position of the signal, RV =
0 kms~!and Kp =226 kms~!.

detected Al T, Mg, VI, VI, Y II, KTand W 1.

Multiple lines analysis

We detected several species with the cross-correlation that we were not able to detect
with the single line analysis. This is the reason why we use the cross-correlation with
templates, to increase the signal considering all the individual lines together. However,
this technique does not hold information neither on the depths of the lines and hence on
their height in the atmosphere nor on the width of the lines and hence on the rotational
broadening. To acknowledge these quantities we need single line analysis. Since for
species such as Fe 11 and Ti 11 we can clearly see a detection in the cross-correlation but
not the single lines we tried a different approach. We combined all the 2D tomographies
we computed for the single lines individually computing the weighted average for both
Fe 11 and Ti 11. We used the same line-lists employed for KELT-9 b. In Fig. 3.15 we
show the combined tomographies in the stellar reference frame and the transmission
spectra. In the tomographies we can clearly see once again the bright region due to the
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Figure 3.11: Same as Fig. 3.10 for the 2500K templates.
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Figure 3.12: Same as Fig. 3.10 for the 3000K templates.
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Figure 3.13: Same as Fig. 3.10 for the 4000K templates.
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Figure 3.14: Same as Fig. 3.10 for the S000K templates.
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Figure 3.15: Result of the multiple lines analysis for the Fe 11 and Ti I1 in the atmosphere
of TOI-1518 b. We show the tomographies in the stellar reference frame in the top
panels, while in the bottom one we show the transmission spectrua with data re-binned
and the Gaussian fit.

RME and the darker region representing the planetary signal. The absorption is clearly
visible also in the transmission spectra, despite the Ti IT one is quite noisy. I want to
stress that this is a preliminary test to assess the impact of this method that we named
multiple lines analysis. The test has been performed without the correction for the RME
and CLV since in this case the combination of these effects may not play a significative
role due to the geometry of the system that leads the planetary signal and the RME
to not overlap as can be seen in Fig. 3.6. However, a final analysis would require the
modelling and removal of RME+CLYV as done for the single line analysis.

3.2.4 Discussion and conclusions

In this section we analysed the atmosphere of TOI-1518 b employing both the single
line analysis, the cross-correlation with templates and the multiple line analysis. Our
results returned the presence of the Ha line, the Na D2 line and the absence of the
He I triplet. These results are expected in ultra hot jupiters orbiting hot stars. The single
line detection did not return any other detection of the several atomic species investi-
gated which includes Ca 11, Ti 11, Fe 1, Fe 11, Ba 11, Mg 1, Cr 1I and Sc 11. On the other
hand, most of these species have been detected employing five different set of templates
varying from 2500K ton 5000K, including Ca 11, Cr 11, Fe 1, Fe 11, Na 1, Ti 11, Sc 11, Sr
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11. Moreover, we tentatively detected Al 11, Mg 1, V1, V11, Y 11, K T and W 1. We also
started developing a method to combine the individual lines of the non detected species
obtaining a preliminary detection of an average line for Fe 11 and Ti 11. Once this method
will be corroborated, we will be able to retrieve important information on these species,
including their average height in the atmosphere and their average rotational profile.

3.3 Investigating the atmosphere of WASP-94A b with
ESPRESSO

In this section I will discuss the preliminary results of the work I am leading on the
analysis of the Hot Jupiter (HJ) WASP-94A b with ESPRESSO collected within the
Granted Time Observation (GTO) collaboration.

3.3.1 Introduction

With the start of operation of ESPRESSO (Pepe et al. 2010, 2014), our capabilities
for the studies regarding the atmospheric characterisation in the optical band have been
enhanced. ESPRESSO achieved pioneering results by providing time-resolved mea-
surements of transmission spectra (Ehrenreich et al. 2020; Borsa et al. 2021a), pre-
cise Rossiter-McLaughlin (Rossiter-McLaughlin (RM)) measurements (Santos et al.
2020), and high-precision characterizations of multi-planet systems (Damasso et al.
2020; Suarez Mascareio et al. 2020). Furthermore, the capability to detect relatively mi-
nor effects, such as the influence of stellar centre-to-limb variation (CLV) and the RM
effect on transmission spectra, has been enhanced. These effects, which were previously
masked by the signal-to-noise ratio (S/N) limitations, can now be accurately assessed
due to the exceptionally high S/N and superior quality provided by the ESPRESSO
data. The significance of the RM effect in atmospheric studies was previously dis-
cussed by Louden & Wheatley (2015), while the importance of CLV was highlighted in
studies by Czesla et al. (2015) and Khalafinejad et al. (2017).

Among several targets observed with ESPRESSO, WASP-94A b is one of the planets
showing the largest TSM with a value of 578 (Hord et al. 2024). This puffy (p = 0.11
g cm™?) hot jupiter with a temperature of 1604 K orbits in less than four days around its
F8-type host star ( see Table 3.4 for the stellar and planetary parameters). HARPS data
of the planet have been recently analysed by Ahrer et al. (2024) with the confirmation
of the retrograde orbit as well as constrain the orbital misalignment (projected spin-
orbit obliquity of A = 123.0 4+ 3.0 deg) and the tentative detection of Na absorption,
independently of their treatment of the RME.

3.3.2 Methods

We collected two transits with ESPRESSO in 1UT mode in the August 2022 and we
performed both the single line analysis and the cross-correlation with templates ap-
plying the same frameworks described in the other works in this thesis for HARPS-N
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Table 3.4: Parameters adopted in the analysis of WASP-94A b.

Parameter Value Reference

Stellar parameters

M,(Mg).ooovvvveoa.... 1.450 +0.090 Bonomo et al. (2017)
RiRg) ol 1.620 £ 0.050 Bonomo et al. (2017)
Effective temperature(K). . 6153 £ 75 Bonomo et al. (2017)
log g (logio(cms™2)) ..... 4.27+ 0.07 Stassun et al. (2017)
Metallicity, [Fe/H](dex) .. 0.26 =0.15 Bonomo et al. (2017)

Planetary parameters
Planetary mass, M, (M) O.456f8j8§2 Bonomo et al. (2017)
Planetary radius, R, (Rj,p) 1.720139%  Bonomo et al. (2017)
Orbital inclination, 7 (deg) 88.70 £0.70  Bonomo et al. (2017)
Projected obliquity,\ (deg) 123.0 £ 3.0 Ahrer et al. (2024)

spectrograph. The ESPRESSO data are similar to the HARPS-N ones because they
share a similar data reduction procedures performed by the DRS. The telluric in the raw
spectra are removed with Molecfit and the RME+CLYV is modelled in the same way as
HARPS-N data. In principle, ESPRESSO data have already the barycentric correction
applied compared to HARPS-N data, however this difference is handled by Molecfit
and hence does not require a different framework. The only ramining difference is the
presence in the ESPRESSO data of the so called wiggles, modulation in the signal ob-
served in most of the ESPRESSO studies and probably due to the tracking system of
the Very Large Telescope (VLT). Despite in our case the wiggles do not major affect
the spectra, we removed them as in Borsa et al. (2021a) fitting a sinusoidal function to
our data after the telluric removal and before proceeding with the rest of the analysis.
We investigated the same species investigated for KELT-9 b and TOI-1518 b with the
addition of Li and K that have stronger lines in the reddest part of ESPRESSO spectrum
which is not covered by HARPS-N.

3.3.3 Results

Single line analysis

As mentioned at the beginning of the chapter, the single line analysis for stars with deep
lines is challenging. In our case we can see from the 2D tomographies (e.g., Ho one
in Fig. 3.16) that the region around the centre of the line is noisier than outside. We
detected the Ha line but not the other Balmer lines. We detected both the lines in the
sodium doublet, all three lines in the magnesium triplet as reported in Table 3.5 and in
Fig. 3.16. We did not detect any other line investigated. We observe a strong blueshift in
the observed lines suggesting the presence of winds similar to that discussed for KELT-9
b.
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Table 3.5: Single line analysis results for WASP-94A b

Line Depth [%] R, FWHM [kms™'] v [kms™']
Ha 0.18 = 0.04 1.07 £0.01 25.23 +£5.71 -11.08 + 2.52
Na D1 0.17 £0.02 1.07 £0.01 -29.89 + 4.98 -15.39 +£2.08
Na D2 0.14 £0.02 1.06 £0.01 50.05 £ 7.45 -28.08 4+ 2.97
Mg15167.3216 0.18 £ 0.03 1.07 + 0.01 46.19 + 8.23 -9.91 +3.33
Mg15172.7 0.14 003 1.06 £0.01 59.06 +£11.86 -7.6 +4.52
Mg15183.62 0.19 +£0.03 1.08£0.01 27.27 £ 5.82 -15.97 &+ 2.46
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Figure 3.16: Result of the single lines analysis for the detected lines in the atmosphere of
WASP-94A b. We show the transmission spectra with data re-binned and the Gaussian
fit.
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Figure 3.17: Example of the cross-correlation with templates result for the Ca 11 in the
atmosphere of WASP-94A b. In the 2D tomography in the left panel, we can clearly see
the overlap between the RME and the planetary signal. In the central panel we show
the Kp vs RV map, while in the right panel the significance o vs the RV.

Cross-correlation with templates

We performed the cross-correlation with templates employing 3 sets of templates with
the temperatures spanning between 2000 K and 3000 K and we did not detect any atomic
species including Na 1 and Mg 1 that we detected in single line. This may be due to
the fact that in this system the RME trace is overlapping with the planetary signal as
shown for the Ca 11 in Fig. 3.17. This means that either the planetary signal may be
erased during the RME modelling and removal or that spurious signals arising from
the correction may lead to a false detection as the one in the middle and right panel of
Fig. 3.17.

3.3.4 Conclusions

Our preliminary results adds H 1 and Mg I to the already detected Na I in the atmosphere
for WASP-94A b. However, the non detections with the cross-correlation with templates
and the overlapping RME suggest a deeper investigation on the origin of our signal,
including masking the region of the tomography affected by the RME.
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Chapter 4

Star Planet Interaction: the role of
Ho line and the He I triplet as
indicators of the stellar activity and
photo-evaporation

Stellar irradiation greatly affects the atmospheres of exoplanets orbiting close to their
host stars, often leading to the expansion of the upper atmospheric layers and, in extreme
cases, their evaporation (e.g., Bourrier & des Etangs 2018). This photo-evaporation
process has shaped the demographics of close-in exoplanets, notably contributing to the
formation of the Neptunian Desert—a region with a scant number of planets between
Earth-sized and Jupiter-sized near their stars (Lecavelier Des Etangs 2007; Davis &
Wheatley 2009; Szab6 & Kiss 2011; Beaugé & Nesvorny 2013)—and the radius gap,
which divides dense super-Earths from larger, more diffuse mini-Neptunes (Fulton et al.
2017; Fulton & Petigura 2018). Groundbreaking research on atmospheric escape began
roughly twenty years ago (e.g., Vidal-Madjar et al. 2003, 2004), centering on the Ly-
« transition of Hydrogen, the main component of hot gas giants’ atmospheres. The
atomic hydrogen produced from the thermal dissociation of H, absorbs stellar X-ray
and extreme ultraviolet (EUV; collectively XUV) radiation within the thermosphere,
significantly raising local temperatures and possibly leading to atmospheric expansion
and escape (Penz et al. 2008). However, Ly-a observations are hindered by interstellar
medium absorption (ISM) and geocoronal emission, complicating their interpretation.
Seager & Sasselov (2000) and Oklop¢i¢ & Hirata (2018) proposed the He 1238 triplet
at 1083.3 nm (known as He1) as a reliable diagnostic for examining atmospheric ex-
pansion and potential mass loss, as it is located in a near-infrared (nIR) spectrum region
free from ISM and geocoronal interference. Following the landmark detection of an ex-
panded atmosphere around the super-Neptune WASP-107 b (Spake et al. 2018), signifi-
cant advancements have been made in this area, with nearly 40 planets now investigated
for He I presence (Dos Santos 2023).
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It has been observed that stellar activity can contaminate He I measurements leading to
inaccurate estimations of He I absorption and mass-loss rate (e.g., Salz et al. 2018; Guil-
luy et al. 2020). Specifically, the plage-like active regions are darker than the rest of
the stellar disc in the helium channel; a planet transiting over quiescent regions of the
star would enhance the contribution of active regions in the observed flux, resulting in
a stronger absorption at 1083.3 nm. Conversely, if the planet obscures an active region,
the net effect would be a reduction in He I absorption. One approach to address these
pseudo-signals is to simultaneously monitor stellar activity diagnostics in the optical
(such as Ha , Ca 1 H&K, and Na 1) that exhibit an opposite behaviour compared to
He 1 (Guilluy et al. 2020).

In this Chapter I will introduce and discuss two works regarding the joint analysis of
Ha and He 1 as indicators of stellar activity and ongoing photo-evaporation.

In Section 4.1 T will introduce and discuss the work led by Gloria Guilluy where 1
participated as the second author, leading the analysis and interpretation of the Ha line
related results. In Section 4.2 I will introduce the work that I led on the atmospheric
characterisation of photo-evaporating target TOI-5398 b.

4.1 A Helsurvey of close-in giant planets hosted by M-
K dwarf stars with GIANO-B

The following work, led by Gloria Guilluy has been published in Guilluy, D’ Arpa, et al.
(2024). As second author, I entirely handled the analysis and interpretation of the re-
sults obtained from High Accuracy Radial velocity Planet Searcher for the Northern
emisphere (HARPS-N) data. The tables and Figures in this section are from Guilluy,
D’ Arpa, et al. (2024).

4.1.1 Introduction

Being aware of the potential limitations arising from differences in instrumentation and
data analysis techniques that may affect the identification of trends related to He 1 detection,
we decided to undertake a uniform survey searching for He 1in the atmospheres of all
the exoplanets available within the atmospheric sample of the Global Architecture of
Planetary Systems (Global Architecture of Planetary System (GAPS)) project (The
GAPS-ATMO sample is described in  Guilluy et al. 2022a), which encompasses of
hot/warm Jupiter- and Neptune-like planets.

We divided the GAPS targets into two distinct sub-samples. The first sample com-
prises planets orbiting M-K dwarf planet hosts, which has been analysed in this work.
The second dataset, consisting of planets around G-F-A main-sequence stars, will be the
subject of a future study. We decided to focus this first paper on M-K dwarf stars as they
are the best suited to host planets with an escaping He I atmosphere. Indeed, their high
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Figure 4.1: Known exoplanets as a function of their radius and period from the NASA
Exoplanet Archive (Akeson et al. 2013). Targets analysed in this work and previous
GIANO-B papers (Guilluy et al. 2020; Fossati et al. 2022; Guilluy et al. 2023) are
highlighted. The marker colour reflects the He I absorption signal we found in this work.
Circles and squares represent detections and non-detections, respectively. The non-
detections are reported at 1o.

XUV flux ionises the He1ground state which recombining populates the metastable
23S ground level (from which the 1083.3 nm absorption originates), and their moder-
ately low mid-UV flux prevents the 23S ionisation (e.g., Oklop¢ic¢ 2019; Biassoni et al.
2024b).

4.1.2 Case history and observations

The survey encompasses five targets, namely WASP-69 b, WASP-107 b, HAT-P-11
b, GJ436Db, and GJ3470b. In this section, we provide a brief overview of the key
characteristics of each system and summarise the existing He I studies presented in the

literature. The stellar and planetary parameters we adopted in the analysis are reported
in Table 4.6.

WASP-69 b is a warm Saturn orbiting a K5 star (Anderson et al. 2014). Due to its large
expected atmospheric signal 2RpHe/R? ~ 283 ppm (where H,, is the atmospheric
scale height, and Rp and R, are the planetary and stellar radius respectively, Brown
et al. 2001), WASP-69 b represents a prominent target for performing atmospheric stud-
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Table 4.1: Observations log.

Date™ Nobs | Exp Time [s] | S/N,., | o, [min] | Telluric/stellar flag
2019-07-24 | 60 200.0 53.42 0.62 X
2020-08-09 | 54 200.0 54.39 0.72
WASP-69 b 2021-10-28 | 46 200.0 41.90 0.85 X
2022-09-14 | 42 200.0 51.88 0.95
2019-02-07 | 58 200.0 28.21 0.24
WASP-107 b 2019-05-04 | 60 200.0 24.55 0.26 X
2019-07-07 | 60 200.0 59.31 0.15
HAT-P-11b | 2020-06-18 | 60 200.0 65.22 0.16
2020-09-19 | 58 200.0 60.79 0.17
2018-04-16 | 44 200.0 67.34 0.17
2020-02-19 | 38 200.0 87.39 0.20
GJ-436 b 2020-02-27 | 38 200.0 93.26 0.20
2022-03-03 | 30 200.0 78.45 0.24
2022-03-11 | 46 200.0 90.75 0.24
2022-12-24 | 42 200.0 81.61 0.25
2018-01-13 | 38 200.0 20.16 0.27 X
2019-02-04 | 52 200.0 21.41 0.32 X
GJ-3470b | 2019-12-28 | 64 200.0 31.23 0.36
2020-01-27 | 48 200.0 36.26 0.36 X
2022-12-23 | 54 200.0 32.59 0.49

From left to right: the observing night, the number of observed spectra, the exposure time,
the average S/N across the selected spectral range (1082.49-1085.5 nm), the uncertainty on

the mid-transit time for the observed transits calculated as op, =

2 2y 52
o1, +n®*op (wWhere

Ty and P are the mid-transit time and orbital period in the adopted ephemerids reported in
Table 4.6 and n is the number of orbits between time 7, and 7j), and flag for significant
telluric overlap/possible stellar activity issues. [T]Beginning of the night.
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ies. Tsiaras et al. (2018) and Estrela et al. (2021) found clues to the presence of water
in the planet’s atmosphere. Guilluy et al. (2022a) recently reported the presence of 5
molecules, and a possible hint of disequilibrium in its lower atmosphere. Sodium was
also detected in its upper atmosphere (see e.g., Casasayas-Barris et al. 2017; Khalafine-
jad et al. 2021; Langeveld et al. 2022). Evidence of an extended helium atmosphere
surrounding the planet has been reported by Nortmann et al. (2018) with Calar Alto
high-Resolution search for M dwarfs with Exoearths with Near-infrared and opti-
cal Echelle Spectrographs (CARMENES), by Vissapragada et al. (2020, 2022) with
Palomar/WIRC, by Allart et al. (2023) with SPIRou, and by Tyler et al. (2024) with
Keck/NIRSPEC.

WASP-107 b is a super Neptune orbiting a K6 star located at the upper radius bor-
der of the Neptunian desert (Anderson et al. 2017). Because of its large atmospheric
scale height, it represents an excellent target for atmospheric studies. Kreidberg et al.
(2018b) detected water using the Wield Field Camera 3 (WFC3) of Hubble Space
Telescope (HST) finding evidence for a methane-depleted atmosphere and high-altitude
condensates. Spake et al. (2018) also detected water using a wider wavelength cover-
age than Kreidberg et al. (2018b). Recently, photochemically produced sulphur dioxide
(SO,) was detected in its atmosphere (Dyrek et al. 2024). Detections of the extended
helium atmosphere of WASP-107 b have been reported multiple times (e.g., Spake et al.
2018; Allart et al. 2018; Kirk et al. 2020; Spake et al. 2021).

HAT-P-11 b is a transiting warm Neptune-class exoplanet orbiting a K4V star, and lo-
cated at the edge of the evaporation desert Bakos et al. (2010). Fraine et al. (2014),
Tsiaras et al. (2018), and Chachan et al. (2019) detected the presence of water vapor
in the atmosphere of HAT-P-11 b with low-resolution observations by using data from
HST and Spitzer. Chachan et al. (2019) also suggested the presence of methane. More
recently, at high-spectral resolution Basilicata et al. (2023) reported the detection of
H,0O, NHj;, and a tentative one of CO, and CH4. Ben-Jaffel et al. (2022) by studying
the upper atmosphere found a phase-extended transit absorption of neutral hydrogen
and singly ionised carbon, while several works (i.e. Allart et al. 2018, Mansfield et al.
2018, and Allart et al. 2023) reported the presence of metastable helium surrounding
the planet.

GJ436b is a warm Neptune in the lower-mass edge of the Neptune desert orbiting
a quiet M2.5V star Gillon et al. (2007). Its atmosphere has been extensively studied
through various observations. According to low-resolution studies, there appears to be
a scarcity of methane and a surplus of CO and CO, in the atmosphere, along with a
slight deficiency of H,O when compared to the predicted amounts based on equilibrium
chemistry assuming solar metallicity (e.g., Stevenson et al. 2010; Knutson et al. 2014).
Observations of the upper atmosphere of GJ436b n Ly-« line of neutral hydrogen re-
vealed that the planet is surrounded by a giant coma of H I extending tens of planetary
radii (e.g., Kulow et al. 2014; Ehrenreich et al. 2015; Lavie et al. 2017), while Nortmann
et al. (2018) did not detect any evidence of a helium-extended atmosphere.

GJ 3470b is a warm Neptune orbiting an M-dwarf and located very close to the Nep-
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tunian desert Bonfils et al. (2012). Previous investigations of its atmosphere, based
on observations from the HST, have indicated the presence of a cloudy, hydrogen-rich
atmosphere (Ehrenreich et al. 2014). Additionally, studies analysing visible range ob-
servations by Nascimbeni et al. (2013) and Chen et al. (2017) have detected a Rayleigh
slope in the atmosphere. Benneke et al. (2019) obtained a robust detection of water
absorption (> 50) by combining HST and Spitzer observations. They revealed a low-
metallicity, hydrogen-dominated atmosphere similar to a gas giant, but strongly depleted
in methane gas. In terms of upper atmospheric layers, Bourrier et al. (2018) have re-
ported the existence of a giant hydrogen exosphere while Palle et al. (2020a) and Ninan
et al. (2020) have identified evidence of HeIabsorption during transit. On the other
hand, Allart et al. (2023) have reported a non-detection of Helin this planet’s atmo-
sphere.

The systems in our sample were observed using the GIARPS observing mode (Claudi
et al. 2017) of the Telescopio Nazionale Galileo (Telescopio Nazionale Galileo (TNG)).
In this configuration, the TNG is capable of simultaneously acquiring high-resolution
(HR) spectra in the optical range (0.39-0.69 pm) and nIR range (0.95-2.45 pm) using
the HARPS-N (R =~ 115, 000) and GIANO-B (R = 50, 000) spectrographs.

For the GIANO-B observations, we employed an ABAB nodding pattern, which allows
for optimal subtraction of thermal background noise and telluric emission lines. Each
target was scheduled for observations ~1 h before, during, and ~1 h after the planetary
transit. Figure 4.2 displays the signal-to-noise ratio (S/N) averaged over the region of
interest (1082.49-1085.5 nm) and the airmass as a function of the planet’s orbital phase
for each night and target considered. GIANO-B covers four spectral bands in the near-
infrared (Y, J, H, K) divided into 50 orders. For our analysis, we focused on order #39
in the Y-band, where the He I triplet is located. One transit observation of WASP-69 b
on UT 28 October 2021, was affected by thin clouds (cirri), prompting us to discard the
AB pairs of observations with very low S/N compared to the others (lowest S/N in the
pair less than 15, as shown in Fig. 2 of Guilluy et al. 2022a). Furthermore, we discarded
the last transit of WASP-107 b, which took place on UT 09 April 2023, as the entire
night was affected by seeing conditions of approximately 2 arcseconds. This resulted in
a lower S/N compared to the data from the other observing nights (see Fig. 4.2), thereby
preventing us from analysing this dataset. A detailed log of the GIANO-B observations
is provided in Table 4.1.

The HARPS-N observations were carried out using the objAB observational setup, with
fibre A on the target and fibre B on the sky. The light collected through the fibres is
directed to a 4k x 4k charge-coupled device (CCD). The CCD is responsible for captur-
ing the spectra from 69 different orders for each fibre, utilising the echelle spectrograph
design. To process the HARPS-N data, the standard Data Reduction Software (Data
Reduction Software (DRS)) was employed, specifically version 3.7 (Cosentino et al.
2012).
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Figure 4.2: S/N in the region of interest (1082.49-1085.5 nm)(left panel) and airmass
(right panel) measured during the GIANO-B observations for each investigated target.
The vertical dashed lines mark the ty, to, t3, and t4 contact points (from left to right). The
dashed green line for WASP-107 b indicates the transit we had to discard for adverse
seeing conditions.

4.1.3 Data analysis

In this section, we discuss the main steps of the analysis we performed on both GIANO-
B (Sect. 4.1.3) and HARPS-N data (Sect. 4.1.3).

Analysis in the nIR

Currently, the most widely used technique for determining whether an exoplanet is sur-
rounded by an extended or evaporating atmosphere is transmission spectroscopy. Dur-
ing a transit, the outgassed atoms produce additional absorption features superimposed
on the stellar spectrum. Here, we outline the procedures we implemented to extract the
planetary transmission spectra from the raw data obtained by GIANO-B.

Spectra extraction We applied several data processing steps to the GIANO-B raw
data using the GOFIO pipeline (Rainer et al. 2018). These steps included dark subtrac-
tion, flat field correction, removal of bad pixels, spectra extraction (without considering
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Figure 4.3: Left Panels: Averaged spectrum for each investigated night in the telluric
rest frame, with overplotted vertical lines to show the position of the H5O telluric trans-
mission line at ~1083.51 nm and the OH telluric emission line at ~1083.43 nm in black
and orange, respectively. Right Panels: Averaged spectrum for each investigated night
after the telluric removal and the shift in the stellar rest frame. Vertical blue lines cor-
respond to the He I triplet. The averaged spectra are plotted after being divided by their
median value for visual purposes.
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Figure 4.4: 2D transmission spectra maps. For each target, an example of transmission
spectra shown in tomography in the planetary rest frame in the region of the He I triplet,
as a function of wavelength and planetary orbital phase. The contact points t1, t2, t3, and
t4 are marked with horizontal blue lines. The regions affected by OH contamination are
masked. For some planets, some residuals are left at the position of the Si~1083 nm line
(highlighted in pink). This is due to the depth of the line (see e.g., Krishnamurthy et al.
2023; Zhang et al. 2023a). Black and red dotted lines mark the position of the He I lines
in the stellar and planet rest frame, respectively. Lines with black squared mark the
position of the strong H2O telluric line at around 1083.51 nm. The corresponding 2D
maps for all the investigated nights are shown in Fig 4.12.
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Figure 4.5: Example of Gaussian Processes (GP) correction. Left panel: transmission
spectrum centred on the HeItriplet (in the planet rest frame) with the GP regression
model, along with the 10 uncertainty intervals, (in blue) and the Gaussian+GP model (in
red). Right Panel: Final spectrum after removing the GP model. Vertical black dotted
lines indicate the position of the He 1 triplet. The spike in the right wing of the He I triplet
in the GJ 3470b transmission spectrum is a residual due to the OH emission line. The
error intervals for the Gaussian fit were computed by displaying 1000 Gaussian fits
within the 1o uncertainties of the derived parameters, spanning the 16%-84% quantiles.

124



Section 4.1: A HeIsurvey of close-in giant planets hosted by M-K dwarf stars with
GIANO-B

WASP-69b
il

i b
i i
-1.00 * 2019-07-24 2020-08-09 2022-09-14
L I

1082.8 1083.0 1083.2 1083.4 1083.6 1083.8 1084.0
Wavelength[nm]
WASP-107b
m
8.00
_.6.00
2
2 4.00
i
~ 2.00
ooo Justuuthutihut
¢ 2019-02-07
1082.8 1083.0 1083.2 1083.4 1083.6 1083.8 1084.0
Wavelength[nm]
HAT-P-11b
1.50 }

-1.00 ¢ 2019-07-07 2020-06-18 2020-09-19
L u
1082.8 1083.0 1083.2 1083.4 1083.6 1083.8 1084.0
Wavelength[nm]
GJ4a36b

1.00 i
i i
i i
i i
i i

0.50 H L
I
i

* 2018-04-16 2020-02-27 *  2022-03-11 2022-12-24

1.00 2020-02-19 2022-03-03
L u
1082.8 1083.0 1083.2 1083.4 1083.6 1083.8 1084.0
Wavelength[nm]
GJ3470b
2.00 o,

<
H—E -2.00
&

-3.00
H
! i
* 2019-12-28 2022-12-23}

-4.00

-5.00
1082.8 1083.0 1083.2 1083.4 1083.6 1083.8 1084.0
Wavelength{nm]

Figure 4.6: Transmission spectra centred on the He I triplet (in the planet rest frame)
after removing the Gaussian process model. For each target, different colours refer to
the different visits, while the black points show the weighted average over the observa-
tions. Vertical black dotted lines indicate the position of the He I triplet. For GJ 3470 b
two different transmission spectra are reported, one by considering the two nights not
affected by the OH contamination and one by considering only the night responsible for
the He 1signal. For WASP-69 b, the weighted averaged spectrum has been obtained by
excluding the first night (i.e., UT 2019-07-24) as likely affected by stellar contamina-
tion.
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Figure 4.7: Transmission light curve of the He 1in the planetary rest frame for the inves-
tigated targets. The vertical dashed lines mark the ty, t5, t3, and t; contact points (from
left to right). The grey horizontal dashed line is the continuum level.

the blaze function correction), and wavelength calibration using a U-Ne lamp spectrum
as a template in the vacuum wavelength frame. We used the msld spectra, the multi-
spectral 1D output, where the echelle orders are kept separated. To improve the initial
wavelength solution, we employed the same approach described in similar previous
works (e.g., Giacobbe et al. 2021; Guilluy et al. 2022a). We aligned all the spectra to
the Earth’s atmospheric rest frame, assuming it as the frame of the observer (neglecting
any ~10 m s~! differences due to winds), by measuring any shifts relative to an average
spectrum taken as a template for the night. Subsequently, we refined the wavelength
solution by utilising an Earth’s atmospheric transmission spectrum generated using the
Sky Model Calculator!.

For the remaining analysis, we focused exclusively on the order #39, which encom-
passes the He 1triplet. The magnitude of these wavelength calibration refinements, for
the considered nights and in the region around the He I triplet, is ~0.7 km/s, approxi-
mately one-fourth of a pixel.

ttps://www.eso.org/observing/etc/bin/gen/form? INS.MODE=swspectr+
INS.NAME=SKYCALC
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Telluric correction As our spectra were obtained from ground-based observations,
it was necessary to account for the contribution of Earth’s atmosphere. The telluric
spectrum contains both emission and transmission lines. To correct for the transmission
telluric lines, particularly the H,O line at around 1083.51 nm (vacuum wavelength), we
followed the approach proposed by Guilluy et al. (2023) and utilised the Molecfit
European Southern Observatory (ESO) software (Smette et al. 2015; Kausch et al.
2015). An example of telluric removal is shown in the right panels of Fig. 4.3.

Within the spectral region of interest, there are two OH emission line doublets lo-
cated close to the He Itriplet. The first doublet is at approximately 1083.2103 nm, and
1083.2411 nm, while the second one is at 1083.4241 nm and 1083.4338 nm in vacuum
wavelengths(Oliva et al. 2013). The GIANO-B resolving power is not able to distin-
guish between the two separate components of this second doublet, resulting in them
being observed as a single, intense line in the spectra. The GIANO-B nodding acquisi-
tion mode automatically corrects for these emission lines, as described in Guilluy et al.
2020. However, due to variations in atmospheric seeing during the observing nights,
the A-B subtraction may leave residual signals at the deepest OH doublet (i.e., around
1083.43 nm, as seen in the left panels of Fig. 4.3). To account for this, we visually in-
spected the GIANO-B raw spectra to identify the location of this OH line in our spectro-
graph and created a mask to exclude any possible residuals from our final transmission
spectra (Guilluy et al. 2023).

Transmission spectra calculation To separate the stellar contribution from the po-
tential planetary signal, we proceeded with the following steps:

(i) First, we shifted the spectra into the star rest frame using Eq. (1) from Guilluy et al.
(2023) and the parameters listed in Table 4.6. As depicted in the right panels of Fig. 4.3,
the He I triplet lines align in the stellar rest frame.

(i1) Next, we normalised each spectrum to the continuum by dividing it by its median
value (neglecting the spectral region around the He I triplet), excluding spectra with sig-
nificantly lower signal-to-noise ratios compared to the other exposures.

(iii) We created a master-out stellar spectrum, Sy, (\), by averaging the out-of-transit
spectra (i.e., with an orbital phase smaller than t; or greater than t,?). Individual trans-
mission spectra, 7'(\, 1), were derived by dividing each spectrum by Sy, ().

(iv) Finally, we linearly interpolated the transmission spectra in the planet’s rest frame
using Eq. (2) from Guilluy et al. (2023). Fig. 4.4 displays examples of the transmission
spectroscopy 2D maps in the planet’s rest frame for each planet, while the 2D maps for
all the investigated nights are presented in Fig. 4.12. For each investigated planet and
each observed night, we then derived the fully in-transit transmission spectrum in the
planet’s rest frame T)can, Which is computed by averaging the transmission spectra with
an orbital phase between t, and t3. We did not consider the influence of both centre-to-
limb variations (Centre to Limb Variation (CLV)) and the Rossiter-McLaughlin Effect
(Rossiter-McLaughlin (RM)) as previous studies have indicated a minimal impact on
the He I (e.g., Allart et al. 2018, 2019; Nortmann et al. 2018).

2For those planets where there was a hint of a tail we discarded the corresponding spectra to compute
the master stellar spectrum.
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Table 4.2: Priors used in the DE-MCMC analysis.

Value Priors

Peak Posg,uss [nm]  U[1083.29,1083.36]
Tjit U[0,+OO]
Ampl [%] U[0,3]

A [nm] U[0.01,0.09]

To estimate the contrast ¢ of the excess absorption at the position of the HeItriplet,
we fitted a Gaussian profile to each individual in-transit mean transmission spectrum
with the Differential Evolution Markov chain Monte Carlo (DE-MCMC) (Ter Braak
2006) method, varying the peak position, the full-width half maximum (Full Width at
Half Maximum (FWHM)), the peak value (c), and an offset for the continuum. Cor-
related noise in the transmission spectra (mainly caused by systematic effects such as
fringing, variations in the instrumental profile, changes in the position of the star in the
slit, etc) was modelled through the Gaussian process (GP) regression within the same
DE-The Markov Chain Monte Carlo (MCMC) tools, using a covariance matrix de-
scribed by a squared exponential kernel (see eq. 2 in Bonomo et al. 2023)*. We finally
accounted for possibly uncorrelated noise with a jitter term oj;;. We imposed several
priors on the model parameters as well as on the GP hyper-parameters (see Table 4.2).
For each target, Fig. 4.5 shows an example of correction with the GP regression model,
the posterior distributions for the same nights are reported in Fig. 4.13. The best-fit
parameters from the DE-MCMC Gaussian analysis, for each night are listed in Ta-
ble 4.3. We determined the values and the 1o uncertainties of the derived parameters
from the medians and the 16%-84% quantiles of their posterior distributions. In cases
of a He I non-detection, we reported 1o upper limits on the excess absorption at the po-
sitions of the stellar He 1 lines (Guilluy et al. 2023).

For each investigated target, the transmission spectra from each night were then weight-
averaged after subtracting the GP regression model to create the final transmission spec-
tra (see Fig. 4.6). Table 4.4 reports for each planet the weight-averaged He 1 contrast c.

Light-Curves computation To monitor the variation of the He I signal during transit,
we additionally performed spectrophotometry of the helium triplet within a passband of
0.075 nm centred at the peak of excess absorption in the planet rest frame (Allart et al.
2019). The computed transit light curves are presented in Fig. 4.7.

3We also ran the DE-MCMC analysis without the GP, and our findings remain compatible within
1-0. However, the error bars on the model-free parameters (including the He I absorption) from the GP
analysis are usually slightly larger, and thus more conservative, than those without the GPs, because they
account for the correlated noise.
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Table 4.3: Result night by night for the He 1 absorption
Night Peak position Excess of absorption ¢ FWHM Significance
[nm] [%] [nm] [o]
2019-07-24 | 1083.29740.003 43403 0.096070 008 14.2
WASP-69 b | 2020-08-09 | 1083.2982 50049 3.64+0.4 0.094810012 9.0
2022-09-14 | 1083.3187 0002 3.14 7032 0.0764 0010 5.8
WASP-107 b | 2019-02-07 | 1083.31740.005 8.177 050 0.117675 515 10.5
2019-07-07 | 1083.3189 *5.0002 1.4+03 0.1059700% 4.9
HAT-P-11b | 2020-06-18 | 1083.3302 5005 1.440.3 0.06867 0017 4.5
2020-09-19 | 1083.32740.009 1.440.3 0.08297 0015 4.3
2018-04-16 <0.24(0.34)
2020-02-19 <0.34(0.44)
2020-02-27 <0.52(0.66)
GI-436b | 5022.03-03 <0.38(0.52)
2022-03-11 <0.63(0.68)
2022-12-24 <0.39(0.45)
Gl-3a7op | 2019-12-28 108331975557 1.75 7032 0.218070 0% 4.7
2022-12-23 <0.10(0.22)

From left to right: the investigated night, the peak position, excess of absorption, and FWHM obtained
from the DE-MCMC analysis, and the significance of the detection. The upper limits are reported at 1o
and at 20 in brackets.

Analysis in the optical

To indicate the host star activity we derived the chromospheric emission from Ca 11 H
and K lines of HARPS-N spectra (log Rj;i). We used the definition of Noyes et al.
(1984) and the implementation of Lovis et al. (2011) through the offline version of the
HARPS-N DRS available through the Yabi workflow (Hunter et al. 2012) hosted at A2
Data Center (https://www.ia2.inaf.it/). The only exceptions are GJ436 and
GJ3470, for which the Noyes relations are not applicable as they have a colour index
B-V>1.1, we thus utilised the equations provided in Sudrez Mascarefio et al. (2015).
The derived log R are reported in Table 4.7.

We then derived transmission spectra in Ha similarly as described for the He I triplet
and as already described in Chapter 2. We focused on raw data already processed
by the DRS and we used Molecfit to remove telluric contamination. We obtained
transmission spectra (2D maps for WASP-69 b and GJ-3470 b are in the upper panels
of Fig. 4.8 and Fig. 4.9) by dividing the full in-transit spectra by the master out and
we modelled CLV and RM similarly to Yan et al. (2017). However, instead of using
models computed at different limb darkening angles 1, we used an analytical approach
using Exotethys (Morello et al. 2020) to retrieve the limb darkening coefficients and
then computing the stellar intensity profile /(x) by adopting a quadratic limb darkening
law. After shifting the transmission spectra into the planetary rest frame, we computed
the weighted average of the full in-transit spectra (right bottom panel of Fig. 4.8 and
Fig. 4.9), and we fitted a Gaussian to evaluate the absorption/emission depth, FWHM,
and the velocity shift. Along with the Gaussian fit, to evaluate the zero absorption hy-
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Table 4.4: Results combined.

Target c Significance Effective radius gp H Orp/Heq
[%] [o] (Rp] [ms]  [km]
WASP-69 b 3.91£0.22 17.6 1.794+0.08 5.840.6 1060  56+8
WASP-69 b (without 2019-07-24)  3.46+0.32 10.7 1.714£0.08 5.840.6 1060 5148
WASP-107 b (1 night) 8.17 950 10.5 2.1940.11 3.374£0.31 1450 5547
HAT-P-11b 1.36+0.17 8.0 2.1740.11 10.2+0.6 530 71+£9
GJ 436D <0.42(0.52)* <1.27(1.33) 14.8+£1.7 294 < 24(29)
GJ 3470b (1 night) 1.75 1539 4.7 2.05+0.25 82+1.6 470  55£19

From left to right: the investigated target, the contrast from the DE-MCMC analysis, the significance of the de-
tection, the effective He 1radius, the planet’s gravity, the atmospheric scale height (computed by assuming a mean
molecular weight of 1.3), and the ratio between the equivalent height of the He 1 atmosphere and the atmospheric
scale height. [T] 10(20) upper limits. For WASP-69 b, we also present results by excluding the first observing night
(i.e., UT 2019-07-24), as it was likely affected by stellar contamination.

pothesis, we also performed a linear fit and we computed the Bayesian Information
Criterion (BIC) to compare the two models (Kass & Raftery 1995). We considered the
Gaussian model as preferable over the linear one only when accompanied by a lower
BIC and a difference in BIC (ABIC) > 10. We did not use the GP correction in the
optical as the HARPS-N spectra are much less affected by systematics, and so the use
of GPs was not really necessary.

4.1.4 Results

In this work, we performed a He I high-resolution transmission spectroscopy survey of
five gas giants namely WASP-69 b, WASP-107 b, HAT-P-11 b, GJ 436 b, and GJ 3470b.
In this section, we summarise our findings. The last column of Table 4.1, highlights the
nights with significant telluric overlap and possible stellar activity issues.

Individual analyses

WASP-69b We analysed four observing nights for WASP-69 b, namely 2019-07-24,
2020-08-09, 2021-10-28, and 2022-09-14. However, 2021-10-28 was affected by OH
contamination, we thus decided to exclude data from this night when computing the final
contrast value *. We measured a contrast of 3.91+0.22% (17.60), compatible with the
value reported by Nortmann et al. (2018), Vissapragada et al. (2020), Vissapragada et al.
(2022) and Tyler et al. (2024), while slightly higher than the one reported by Allart et al.
(2023) with SPIRou (where they measured a maximum excess absorption of ~3.1%).
From the 2D map in Fig. 4.4 we can confirm the existence of a cometary tail following
the planet (Nortmann et al. 2018; Tyler et al. 2024). Our He I signal appears to persist
for approximately ~50 minutes after egress. Nortmann et al. (2018) reported a 22 min-
utes of post-transit absorption, while Tyler et al. (2024) observed a longer duration of
1.28 hours after egress. The variations in tail lengths might be attributed to intrinsic

“If we also consider 2021-10-28 as an absorption signal of HeTlis still visible in the 2D map in
Fig. 4.12, albeit affected by OH contamination, we measured a contrast of 3.88+0.21% (18.80)
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atmospheric variability or to insufficient baseline coverage and lower S/N in our study
and Nortmann et al. (2018) compared to Tyler et al. (2024). From Fig. 4.6, UT 2019-07-
24 appears to show a more pronounced absorption compared to the other transit events,
with a compatibility of ~1.90 with the contrast value of 3.46 £ 0.32% (10.70) obtained
by averaging the other three nights. We thus analysed the Ha diagnostic in the visible to
investigate whether this disparity in the He 1 absorption levels was attributable to stellar
contamination.

HARPS-N observations were available only for UT 2019-07-24 and UT 2020-08-09.
Our findings for the Ha are shown in Fig. 4.8, with the final transmission spectra in the
bottom right panel. For UT 2020-08-09, we obtained a BIC of 268.6 for the Gaussian
fit and 269.8 for the linear fit, resulting in a ABIC of 1.8. According to Kass & Raftery
(1995), the linear fit is the model that better describes our data, hence excluding the
presence of features in our transmission spectrum. This is also reinforced by the ab-
sence of features in the light curve shown in the bottom left panel of Fig. 4.8. On the
other hand, we detected an emission signal during UT 2019-07-24 (1.454+0.19%, 7.60)
with the Gaussian fit being the heavy favourite on the linear one (Gaussian BIC: 324.2,
linear BIC: 352.2). Our detection is corroborated by the spectroscopic light curve, com-
puted with a width of 20 km/s, which shows a clear emission feature during the first half
of the transit (bottom left panel of Fig. 4.8). This finding was further corroborated by
the SLOPpy routine (Sicilia et al. 2022), which also revealed an excess of absorption
during UT 2019-07-24 in the Sodium doublet (Sicilia et al. 2025), in comparison to
other nights.

This case appears similar to what was reported for HD189733 b in Guilluy et al. (2020)
during the third night of observation, where an additional absorption in He I was ob-
served in correspondence with an emission signal in Ha suggesting that the planet was
transiting over quiescent regions of the stellar surface. Given the activity of WASP-
69 (as indicated by the log Rj;x measurements in Table 4.7) we would expect to have
a nonuniform stellar disk, and thus a possible occultation during the transit of quies-
cent stellar features. However, this signal appears red-shifted in the stellar rest frame
(17.4+£3.0 km/s, see Fig. 4.10 in the appendix), while a pseudo signal caused by a
plage-like region should be at rest in the star reference frame. An alternative explana-
tion could be the presence of a flare. In this case, we would be observing the ejected
material falling back to the star and hence moving away from us. This would account
for the behaviour in He 1and Ho , as well as the redshift in Ho in the stellar reference
frame. The Ha line could be produced within a moving structure, for example, material
falling toward the chromosphere or material moving away from us with the flare occur-
ring near the edge of the star (thus explaining the redshift), while the He 1 absorption
could be produced in a region outside the flare but irradiated by the XUV rays of the
flare, which contribute to populating the atomic level from which the absorption that
produces the line originates.

It is worth noting that Nortmann et al. (2018) also reported significantly different depths
in the two CARMENES nights analysed in their study. This raises the question of
whether a similar mechanism might be at play in their data.

In Fig. 4.4, the He1signal appears to be slightly tilted, indicating a different atmo-
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spheric Kp compared to the one obtained from the radial velocity curves (see Table 4.6).
We investigated a lag vector corresponding to possible atmospheric Kp in the range
0<Kp<250 km s~ !, in steps of 1 km s~!. We considered the two nights where the
He 1signal was less affected by the OH telluric emission line (i.e., UT 2019-07-24 and
2020-08-09). For each Kp value, we derived a 2D map (similar to those shown in
Fig. 4.4) and a T,,cay, that we fitted with a Gaussian to determine the peak of He 1 absorption.
We see that the He I absorption peak is maximised for an atmospheric Kp of approxi-
mately 80 km s~! (lower than the one reported in the literature, see Table 4.6). We have
to stress that given the width of the single line we are investigating, this result has to be
taken just as a maximisation but without any statistical significance. 3D hydrodynamic
simulations suggest that the He I signal in robust outflows may not precisely follow the
expected Kp. Once the gas starts getting outside the planetary Roche lobe the velocity
dynamics can differ (see e.g., Nail et al. 2024 and Gully-Santiago et al. 2024).

WASP-107b  We analysed two transits of WASP-107 b, i.e. 2019-02-07, and 2019-05-
04. However, the second observing night was strongly affected by the OH emission line.
If we consider only the first transit (i.e. UT 2019-02-07) we obtained an absorption of
8.17 7088% (10.50) compatible with 7.9241.00% and 7.264-0.24% reported by Allart
et al. (2019) and Kirk et al. (2020), respectively. Our 2D maps in Fig. 4.4 and the
spectroscopic light curve in Fig. 4.7 could indicate the presence of a tail following the
planet, in agreement with Fig.3 in Kirk et al. (2020) and Spake et al. (2021). Although
our tail appears to be shorter than found in the latter study; this difference may be
attributed to intrinsic atmospheric variability, as highlighted for WASP-69 b or to lower
sensibility.

HAT-P-11b We gathered three transit observations for HAT-P-11 b. We reported an
extra absorption of 1.36+0.17% (8.00) in agreement with ~1.2% and ~1.3% reported
by Allart et al. (2018) and Allart et al. (2023), respectively. According to Table 4.3, all
the helium absorption measurements are compatible within 0.5¢0.

GJ436b We collected six transits of GJ436b. We did not report any He 1 extra ab-
sorption for GJ436b, as our findings are consistent with zero absorption. Neither the
single nights taken individually (see Fig. 4.4) nor the light curve (see Fig. 4.7) show
evidence of helium absorption with a 1o upper limits of 0.42 (0.52 at 20). The small
He 1 feature in our final transmission spectrum (Fig. 4.6) could be due to correlated noise
falling at the position of the stellar helium triplet not perfectly corrected with the GP
regression model. Our result is in agreement with Nortmann et al. (2018), who did not
find evidence of He I1in the upper atmosphere of GJ436b (they reported a 90% confi-
dence upper limits of 0.41% calculated from the standard deviation of the spectrum).

GJ3470b Here, we analysed five nights of observations, namely 2018-01-13, 2019-
02-04, 2019-12-28, 2020-01-27, and 2022-12-24, that we will refer to as transit 1, tran-
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Figure 4.8: Ho transmission spectra and light curves for WASP-69 b. Top: 2D trans-
mission spectroscopy maps in the stellar rest frame for UT 2019-07-24 (top-left) and
UT 2020-08-09 (top-right). Red dotted lines mark the position of the Ha line in the
planet rest frame. Bottom: spectroscopic light curves (bottom-left) and weighted aver-
age of the full in-transit spectra in the planet rest frame (bottom-right, the equivalent in
the stellar rest frame is in the left panel of Fig. 4.10 in the appendix). Light colours in-
dicate the not binned transmission spectra, while dots represent the transmission spectra
binned 20 (in Radial Velocity (RV)). We over-imposed the Gaussian profile derived
from the best-fit parameters on the not-binned spectra.
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sit 2, transit 3, transit 4, and transit 5 for simplicity. As the 2D maps in Fig. 4.12 show,
three (i.e. transit 1, transit 2, and transit 4) were strongly contaminated by the OH tel-
luric emission line, we thus decided to discard these nights. The 2D maps (Fig. 4.12)
suggest that the majority of the signal originates from transit 3. If we account for only
this transit, we obtained a tentative detection of the extra absorption of 1.757032%
(4.70), in agreement with Ninan et al. (2020), ~1.5% from their Figure 5, and Palle
et al. (2020a), 1.540.3%. Allart et al. (2023) could not replicate the detection with
SPIRou and only placed a 30 upper limit on the presence of helium at 0.63%. Despite
our detection being consistent at 30 with no absorption, tomography reveals a hint of
absorption at the helium triplet position.

It is worth noting that Palle et al. (2020a) observed variability across the analysed nights
(see their Table 3) and attributed it to differences in the signal-to-noise ratio. However,
in our investigation, we find comparable S/N between transit 3 and transit 5. The differ-
ences in the literature are not so surprising, considering our result.

Given the lack of homogeneity in the He I observation across the various investigated
nights, we also analysed the Ha line in a similar way to WASP-69 b (Fig. 4.9). Out
of the five nights under consideration, only three were usable in terms of S/N, namely
transit 3, transit 4, and transit 5. We identified an absorption signal in Ho (3.484+0.26%,
130) at rest in the planet’s reference frame during transit 3 (as depicted in panels a and
e of Fig. 4.9). The BIC analysis confirms the absorption signal detected with a BIC
value of 401.5 for the Gaussian and 462.5 for the linear fit. This particular night con-
tributed to the majority of the He I signal. If this simultaneous absorption signal in both
HeTand Ha was due to stellar activity, it could be explained by the planet’s passage
over a quiescent region of the stellar disk, while the star presents filaments. These re-
gions being darker than the rest of the star in both helium and Ha could have caused this
pseudo-signal in absorption in both the stellar lines. On the other hand, it is also plausi-
ble that the Ha absorption feature may be attributed to an extended planetary hydrogen
atmosphere. However, theoretical transmission profiles simulated using the ATES code
(Caldiroli et al. 2022) and the new add-on module Transmission Probability Module
(Biassoni et al. 2024b) are not able to reproduce an absorption depth/profile consistent
with our observations. For this simulation, we assumed a Local Thermodynamic Equi-
librium (Local Thermal Equilibrium (LTE)) profile, and adopted an X-ray luminosity
of log(Lx)=27.58 measured by Spinelli et al. (2023) and two different X-ray-EUV rela-
tions derived by Johnstone et al. (2021) and Sanz-Forcada (2022), i.e., log(Lgyv)=27.98
and log(Lgyv)=28.40, respectively. Although the Ha population process may not be in
the LTE regime (e.g., Garcia Mufioz & Schneider 2019), our ATES analysis and the
detection in only one of the three HARPS-N nights, make the hypothesis of a stellar
origin for the feature detected in Ha the most plausible. Further analyses including
more detailed radiative transfer models are needed to confirm this hypothesis.
Concerning transit 4 (shown in violet in Fig. 4.9), the one significantly impacted by the
OH emission line in He 1, the HARPS-N data were affected by both noise and system-
atics (as evident in both the light curve and the 2D maps in panels b and d of Fig. 4.9)
and we had to remove two spectra for which the telluric correction with Molecfit
did not work resulting in an overcorrection. In this case, the linear fit is favourite with
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Figure 4.9: Ha transmission spectra and light curves for GJ-3470b. Top: 2D trans-
mission spectroscopy maps in the stellar rest frame for UT 2019-12-28 (transit 3), UT
2020-01-27 (transit 4), and UT 2022-12-23 (transit 5) in left, middle, and right panels,
respectively. Bottom: spectroscopic light curves (right panel) and weighted average of
the full in-transit spectra in the planet rest frame (left panel, the equivalent in the stellar
rest frame is in the left panel of Fig. 4.10).

respect to the Gaussian one (BIC 462.5 vs 447.4) consistently with the absence of fea-
tures in the light curve. Hence, we do not detect any Ha signal in this night. Finally,
during transit 5 (depicted in brown in Fig. 4.9), there appears to be an emission signal
in Hav , as highlighted from both the 2D map (panel c¢) and the spectroscopy light curve
(panel d). This signal seems more pronounced in the star’s rest frame (right panel of
Fig. 4.10 in the appendix) even if with a low significance~40. Consequently, it may
be attributed to stellar activity; for instance, the planet’s transit over a dark region on
the stellar disk, such as a filament, could potentially mimic a pseudo-signal in emission
in both Ha and He1, thereby impacting our helium detection. However, considering
the low significance of this detection, the small number of spectra (i.e., 15), and the
moderate S/N (~ 38), we cannot dismiss the possibility that this result may be solely
attributed to statistical noise. The latter hypothesis is supported by the BIC test which
returns the same value for both the linear fit and the Gaussian one (BIC=398), hence
hinting us to prefer the model with fewer parameters.

4.1.5 Statistical analyses

In this section, we looked for possible correlations between the He 1 absorption feature
and the stellar/planetary parameters thought to be keys for the He 1 signal observabil-
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Figure 4.10: Weighted average of the full in-transit spectra in the star rest frame for
WASP-69 b (left panel) and GJ3470b (right panel) centered on the Ha line. Light colors
indicate the not binned transmission spectra, while dots show the transmission spectra
binned 20x(in RV). The overplotted fit is performed on the not-binned spectra and
represents the model favorite by the BIC test.

ity. To achieve this goal, in addition to the findings presented in this work, we have
also considered previous He I studies performed with GIANO-B around K-type stars,
namely HD189733 b (Guilluy et al. 2020), WASP-80b (Fossati et al. 2022), and HAT-
P-3 b (Guilluy et al. 2023).

For each planet in our sample, we derived the effective He Iradius (e.g., Chen et al.
2018) that would produce the observed absorption contrast ¢ (see Table 4.4). We then
normalised it to the atmospheric H., to compute the quantity o, / H., (Nortmann et al.
2018), which represents the number of scale heights probed by the atmosphere in the
spectral range under consideration. Here, H. is defined as % (see Table 4.4), where
kg is the Boltzmann constant, 7t is the planetary equilibrium temperature (listed in Ta-
ble 4.6), gp 1s the planetary gravity calculated from the planetary mass and radius (see
Table 4.4), and 4 is the mean molecular weight. According to Fossati et al. (2022), we
assumed a hydrogen-dominated atmosphere and hence pi=1.3 times the mass of a hydro-
gen atom (we opted for a hydrogen-dominated atmosphere rather than a hydrogen-and-
helium atmosphere to mitigate uncertainties arising from the unknown helium abun-
dance’). The derived dr,, / Heq values for each investigated planet are presented in Ta-
ble 4.4.

In Fig. 4.11, we examined how these derived constraints vary with respect to the EUV
flux in the 200 to 504 A range (which controls the He I metastable production, and there-
fore absorption, in the planetary atmosphere, Fossati et al. 2023b), effective temperature,
planetary gravity, and log R};. We used the EUV flux derived in Fossati et al. (2023b)

>The value of p=1.3 is typically considered for hot Jupiters assuming solar abundances, but it also
takes into account the presence of a mix of molecular hydrogen and electrons resulting from the ionisation
of various elements, especially Na and K. Hydrogen and helium abundances are not the only factor to
consider. We would like to emphasise that the adopted p does not alter the final outcome, and does not
influence the presence or absence of correlations.
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from the scaling relations of Poppenhaeger (2022). We employed the same methodol-
ogy to derive the EUV flux received by HAT-P-3 b, the only one missing in the sample
analysed by Fossati et al. (2023b). As no X-ray measurements were present in the lit-
erature, we estimated it starting from our derived log R value (see Table 4.7) and the
Mamajek & Hillenbrand (2008) relation, obtaining a value of Lx=1.3"72 10%" erg/s. We
then employed the Poppenhaeger (2022) relations to estimate the EUV flux. However,
due to the large uncertainty on the derived X-ray luminosity, we were unable to con-
strain the coronal temperature (relation from Johnstone & Giidel 2015). As a result,
considering a range of 1.25-2.1 MK for the coronal temperature, we obtained two dif-
ferent EUV flux values using the scaling relations of Poppenhaeger (2022): 36 erg s~*
cm~2and 1095 erg s cm 2.

Trends related to the contrast ¢ and atmospheric extension dg,, /He, are shown in the
left and right panels of Fig. 4.11, respectively. To evaluate the strength of the possi-
ble correlations between the investigated parameters, we ran an MCMC varying the
He I contrasts ¢ according to a normal distribution with a standard deviation equal to the
error we found on c. In the case of non-detection, we used a half-Gaussian distribution
centred at zero with a standard deviation equal to the 1o upper limit. We ran 10 000
iterations and at each MCMC step, we computed the Spearman rank-order correlation
coefficient p to measure the strength of our relationships. The final mean values, the
corresponding errors, and the p-values are reported in Table 4.5. The p-values were
computed using a t-test under the null hypothesis that the correlation coefficients are
significantly different from 0.

Table 4.5: Correlations between the investigated planetary and stellar parameters ex-
pected to influence the He I observability.

X, Y p Spearman Correlation Strength  p-value
FEuv.0Rp /Heq 0.0118 £ 0.0029 null 0.98
Fruv,.c 0.1677 £ 0.0029 low 0.69
Tet,0Rp /Heq -0.0278 £ 0.0028 null 0.95
Tef,C -0.139 + 0.0027 low 0.70
gP.0Rp /Heq 0.0658 £ 0.0028 null 0.88
gp,c -0.1898 £ 0.0026 low 0.65
log Ry -0rp /Heq | -0.1292 + 0.0028 low 0.76
log Rjjx.c 0.1460 + 0.0030 low 0.73

From left to right: the parameters investigated for the correlation, the
Spearman value, the strength of correlation from Kuckartz et al. (2013),
and the associated p-value.

Our findings do not show significant correlations between the investigated parameters
(p-values > 0.05). The null hypothesis that any two parameters X, Y in Table 4.5 are
uncorrelated is rejected with a confidence level not exceeding 90%, corresponding to a
< 20 result. However, it is important to underline that we are still within the statistical
limit of small numbers, so the results should be interpreted with caution. Furthermore,
it is important to underscore that there might be variability among planets, attributable
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in part to possible differences in helium abundance in the atmosphere. This variability
could introduce additional noise, potentially hindering our ability to establish statistical
correlations. Finally, H., might not be the correct physical length scale to consider in
such an analysis. For instance, Zhang et al. (2023a) showed that the scale height does
not correlate with the contrast measured for the deepest individual lines in a sample of
exoplanets, attributing this effect to hydrodynamical effects arising in the upper part of
the atmosphere. Even within the hydrostatic region of an atmosphere, in the presence
of significant variations with altitude of temperature, gravity or even mean molecular
weight, using a single scale height might be too simplistic.

These potential trends do not highlight any explanations that could justify the detection
and non-detection of metastable He 1in the upper atmospheres of the investigated plan-
ets®. The three planets with only upper limits on the He I detection, namely GJ 436 b,
WASP-80b, and HAT-P-3 b do not seem to exhibit a clear correlation in the investigated
parameter space. Fossati et al. (2023b) emphasised that the low-EUV stellar flux, influ-
enced by the low [Fe/O] coronal abundance (Poppenhaeger 2022), could likely be the
primary factor behind the He I non-detection. Rumenskikh et al. (2023) attributed the
weak He Isignature reported by Nortmann et al. (2018) (0.41%, 20) to the thinness of
both the region populated by the absorbing He 1(<3Rp) and of the Rp/R, ratio and to
the radiation pressure force which spreads He I atoms along the line of sight and around
the planet. Yet, there is still no explanation for the non-detection in the atmosphere of
HAT-P-3 b.

It is interesting to highlight that both HAT-P-3 b and GJ 436 b are on a polar orbit with a
3D true obliquity () of 75.725 deg (Bourrier et al. 2023) and 103.2"17% deg (Bourrier
et al. 2022), respectively. On the other hand, WASP-80b is well known to be on a rela-
tively aligned orbit (Triaud et al. 2015). This may indicate that also the orbital obliquity
does not influence the He I observability.

It is important to note that, in our study, in Fossati et al. (2022) and in Guilluy et al.
(2020), we analysed multiple transit events for each planet, investigating the repeatabil-
ity of the He 1signal. However, this is not the case for HAT-P-3 b, as in Guilluy et al.
(2023) only one night of observation was gathered and examined. Therefore, obtaining
more data is essential to provide clarity on this non-detection.

4.1.6 Summary and conclusion

We employed the GIARPS mode of the TNG, focusing on GIANO-B observations to
look for He Tin the upper atmosphere of five planets hosted by the K and M dwarf stars
of our sample, namely WASP-69 b, WASP-107 b, HAT-P-11 b, GJ 436 b, and GJ 3470 b.
We measured a contrast c of the excess absorption of 3.91+0.22% (17.60), 8.171053%
(10.50), and 1.361+0.17% (8.00) for WASP-69 b, WASP-107 b, and HAT-P-11 b, re-
spectively, confirming the literature detections. Our analysis of WASP-69 b showed a
night-to-night variability in the helium absorption levels, with the first transit exhibiting
a higher absorption value compared to the others. We thus inspected the Ha line in

%The results remain consistent when we consider the contrast ¢ (and the corresponding g, / Hy) ob-
tained by excluding the night of UT 2019-07-24 for WASP-69 b, likely affected by stellar contamination.
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Figure 4.11: Correlation plots. Targets from this work, Guilluy et al. (2020), Fossati
et al. (2022) and Guilluy et al. (2023). Contrast ¢ (left panels) and og, /H., (right
panels) as a function of the EUV flux in the 200 to 504 A range, effective temperature
and planetary gravity, and log Rj;x. Red markers indicate targets with only an upper
limit on the He 1 detection (reported at 10). The vertical dashed blue lines in the effective
temperature diagrams indicate the transition from M-type to K-type stars. The dashed
horizontal line connects the two possible locations for HAT-P-3 b (for the two different
coronal temperatures).
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HARPS-N spectra, finding an opposite behaviour in Ho compared to that recorded in
He 1during UT 2019-07-29. We interpreted this as due to the effect of stellar activity,
and we speculated on the possible origins of this effect.

We reported a detection of HeTin the upper atmosphere of GJ3470b of 1.757032%
(4.70). Our result is in agreement with previous studies by Ninan et al. (2020) and
Palle et al. (2020a). However, if we consider only the two nights not affected by the
OH emission line, the signal seems to appear from only one transit, supporting the lit-
erature discrepancy and indicating the presence of variability, whereby the extended
atmosphere is more evident on certain nights than on others. Additional observations
are mandatory to unveil the origin of the He1signal. An inspection of the Ha line re-
veals a hydrogen absorption signal during the same transit event. Our ATES simulations
are not able to reproduce an absorption depth/profile consistent with our observations,
thus making stellar activity the most plausible origin for this feature. Further analyses
including more detailed radiative transfer models are needed to confirm this hypothesis.
In agreement with a previous work (Nortmann et al. 2018), we did not detect a He 1 excess
of absorption for GJ 436 b (our finding is compatible with zero absorption).

We finally placed our results in the context of other He 1 analyses on planets orbiting K-
and MV-type stars obtained with GIANO-B, namely HD189733 b (Guilluy et al. 2020),
WASP-80b (Fossati et al. 2022), and HAT-P-3 b (Guilluy et al. 2023). We explored
potential trends associated with stellar and planetary parameters believed to influence
the He I detection, such as the EUV flux, the effective temperature, the planet’s grav-
ity, and the log Rj;x. Our analysis does not show any significant correlation and our
investigation did not reveal any relationship between GIANO-B detections and non-
detections in the atmospheres of planets around M-K dwarf stars and the parameters we
explored. We emphasise that this could also be a consequence of the small sample size
we are investigating. Moreover, both the stellar EUV flux and the helium abundance
in the investigated atmospheres are highly uncertain, which may introduce potential
noise when attempting to identify potential correlations. Additional observations are
thus needed, together with the investigation of new parameters that could influence the
He 1 observability.

Our work underscores the importance of a homogeneous He I survey encompassing both
observation techniques and data analysis methods which are essential to understanding
the key parameters governing the He I detectability. It also emphasises the necessity of
simultaneous nIR and visible monitoring to investigate the potential presence of stellar
activity pseudo-signals in He I measurements.

4.1.7 Additional Figures and Tables
Table 4.6: Adopted parameters

Parameter Value Reference
WASP-69

Stellar Parameters

Spectral type ... K5 Anderson et al. (2014)
Stellar mass, M, [Mg]............... 0.826+0.029 Anderson et al. (2014)
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Table 4.6: continued

Parameter Value Reference
Stellar radius, R, [Rg]...oovvvvennn. 0.813+0.028 Anderson et al. (2014)
Effective temperature, Teg [K]........ 4715+50 Anderson et al. (2014)
Metallicity, [Fe/H] [dex] ............. 0.14440.077 Anderson et al. (2014)
log g, (logiplems™2]).......ooovnt.. 4.53540.023 Anderson et al. (2014)
Systemic velocity, vgys (km S P -9.37+0.20 Gaia Collaboration et al. (2018)
Limb-darkening coefficients fi; ...... 0.26957980 EXOFAST

12 0.26165142 EXOFAST
Magnitude (J-band) ................. 8.032+0.023 Cutri et al. (2003)
WASP-69 b Parameters
Orbital period, P [days] .............. 3.86813888+9.1e-07 Kokori et al. (2023)
Transit epoch, Ty [BIDtpg] -........ 2457269.0132240.00027 Kokori et al. (2023)
Eccentricity, € .........ccoooiiiii.n. 0 (fixed ) Anderson et al. (2014)
Argument of periastron, w [deg] ...... 90(fixed )
Stellar reflex velocity, K, [m ki 38.1+2.4 Anderson et al. (2014)
Orbital major semi-axis, a [au]........ 0.045254+0.00053 Anderson et al. (2014)
Orbital inclination, ¢ [deg] ........... 86.71+ 0.20 Anderson et al. (2014)
Planetary mass, Mp; [Mjup] . ...ontt. 0.260+0.017 Anderson et al. (2014)
Planetary radius, Ry [Rjup] o 0ontt s 1.05740.047 Anderson et al. (2014)
Impact parameter,b ................. 0.686+0.023 Anderson et al. (2014)
Equilibrium temperature, Teq [K] ... .. 963418 Anderson et al. (2014)
Planet RV semi-amplitude, K, [m s71] 127.1£1.5 This work
WASP-107
Stellar Parameters
Spectral type ...l K6 Anderson et al. (2017)
Stellar mass, M, [Mg] .............. 0.69+0.05 Anderson et al. (2017)
Stellar radius, Ry [Rg] ...coovvvtit 0.66£0.02 Anderson et al. (2017)
Effective temperature, Teg [K] ....... 44304120 Anderson et al. (2014)
Metallicity, [Fe/H] [dex] ............. 0.020+0.100 Anderson et al. (2014)
log g, (logip[cm ST 4.540.1 Anderson et al. (2014)
Systemic velocity, Vgys [km S P 13.74+0.31 Gaia Collaboration et al. (2018)
Limb-darkening coefficients pi1 . ... ... 0.29281680 EXOFAST

[T R 0.24780640 EXOFAST
Magnitude (J-band) ................. 9.378 £0.021 Cutri et al. (2003)
WASP-107 b Parameters
Orbital period, P [days] .............. 5.72148926 + 8.5e-07 Kokori et al. (2023)
Transit epoch, Tg [BJDTpB] ......... 2457515.672118+7.5e-05 Kokori et al. (2023)

Eccentricity, e .................... 0 (fixed) Anderson et al. (2017)
Argument of periastron, w [deg] ...... 90 (adopted)

Stellar reflex velocity, K, (ms™1) .... 17£2 Anderson et al. (2017)
Orbital major semi-axis, a [au] ....... 0.055 £0.001 Anderson et al. (2017)
Orbital inclination, ¢ [deg] ........... 89.74+0.2 Anderson et al. (2017)
Planetary mass, My [Mjyp] ....... ... 0.124+0.01 Anderson et al. (2017)
Planetary radius, Rp,) [Rjyp] ....... ... 0.944-0.02 Anderson et al. (2017)
Impact parameter,b ................. 0.09+0.07 Anderson et al. (2017)
Equilibrium temperature, Teq [K] ... .. 770460 Anderson et al. (2014)
Planet RV semi-amplitude, K, [m s™1] 105.2+2.5 This work

HAT-P-11
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Table 4.6: continued

Parameter Value Reference
Stellar Parameters
Spectral type. . ...t K4V Bakos et al. (2010)
Stellar mass, M, [Mg]............... 0.86 £ 0.06 Lundkvist et al. (2016)
Stellar radius, R, [Rg] ..ot 0.76 +0.01 Lundkvist et al. (2016)
Effective temperature, T [K]........ 4780 £ 50 Bakos et al. (2010)
Metallicity, [Fe/H] [dex] ............. 0.31 £0.05 Bakos et al. (2010)
log g, (logip[cm s72)) 4.374+0.22 Stassun et al. (2017)
Systemic velocity, vy [km s, —63.24 + 0.26 Gaia Collaboration et al. (2018)
Limb-darkening coefficients g1 ....... 0.26597299 EXOFAST

72 R 0.26607108 EXOFAST
Magnitude (J-band) ................. 7.608+0.029 Cutri et al. (2003)
HAT-P-11 b Parameters
Orbital period, P [days] .............. 4.88780201+1.7e-07 Kokori et al. (2023)
Transit epoch, Tg [BJDTpB] ......... 2455798.515261+2.3e-05 Kokori et al. (2023)
Eccentricity,e ...................... 0.25771 0 0038 Basilicata et al. (2023)
Argument of periastron, w [deg] ...... 19.01“%:8 Basilicata et al. (2023)
Stellar reflex velocity, K, [m s71] ..., 11.21+0.36 Basilicata et al. (2023)
Orbital major semi-axis, a [au] ....... 0.0532 £ 0.0010 Basilicata et al. (2023)
Orbital inclination, 7 [deg] ........... 89.027 + 0.068 Basilicata et al. (2023)
Planetary mass, Mp; [Mjup] .. ...t .. 0.0818 £ 0.0046 Basilicata et al. (2023)
Planetary radius, Ry [Rjup] .. ...v.o 0 0.4466 + 0.0059 Basilicata et al. (2023)
Impact parameter,b ................. O.227f8:8%§ Basilicata et al. (2023)
Equilibrium temperature Teq [K] .. ... 8474_“51461 Basilicata et al. (2023)
Planet RV semi-amplitude, K;, [ms™'] 123.542.9 This work
GJ436
Stellar Parameters
Spectral type........covvviinin.... M2.5V Butler et al. (2004)
Stellar mass, My [Mg]........o.nn... 0.55679-071 Lanotte et al. (2014)
Stellar radius, R, [Rg] ...cooovntt 0.455 £0.018 Lanotte et al. (2014)
Effective temperature, Tog [K]........ 3416 £100 Lanotte et al. (2014)
Metallicity, [Fe/H] [dex] ............. 0.02+0.20 Lanotte et al. (2014)
log g, (logip[cms™2]) 4.8434+0.018 Lanotte et al. (2014)
Systemic velocity, Vgys [km s1]...... 9.59 £0.0008 Fouqué et al. (2018)
Limb-darkening coefficients pi1 . ... ... 0.026586002 EXOFAST

7 R 0.37369888 EXOFAST
Magnitude (J-band) ................. 6.900+£0.024 Cutri et al. (2003)
GJ436 b Parameters
Orbital period, P [days] .............. 2.643897621 + 9.6e-08 Kokori et al. (2023)
Transit epoch, To (BIDp1) ...ot.t .. 2455290.751684 + 5.2e-05 Kokori et al. (2023)
Eccentricity, € ..........ooveeeinnn.. 0.1616% %055 Lanotte et al. (2014)
Argument of periastron, w [deg] ...... 327.2%38 Lanotte et al. (2014)
Stellar reflex velocity, K, [m s~ ..., 17.59 +0.25 Lanotte et al. (2014)
Orbital major semi-axis, a [au] ....... 0.0308"0 0015 Lanotte et al. (2014)
Orbital inclination, i [deg] ........... 86.85815-02 Lanotte et al. (2014)
Planetary mass, My [Mjyp] ... ...t 0.08075-057 Lanotte et al. (2014)
Planetary radius, Ry, [Rjupl ... ... .. 0.366+£0.014 Lanotte et al. (2014)
Impact parameter,b ................. 0.797210-033 Lanotte et al. (2014)
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GIANO-B
Table 4.6: continued

Parameter Value Reference
Equilibrium temperature Teq [K] ... .. 68610 Turner et al. (2016)
Planet RV semi-amplitude, K,, [ms™!] 128.1+%5 This work
GJ3470
Stellar Parameters
Spectral type. ...t MIL1.5 Kosiarek et al. (2019)
Stellar mass, M, [Mg]............... 0.51+0.06 Kosiarek et al. (2019)
Stellar radius, R, [Rg] .............. 0.48+0.04 Kosiarek et al. (2019)
Effective temperature, T [K]........ 3652+50 Kosiarek et al. (2019)
Metallicity, [Fe/H] [dex] ............. 0.20£0.10 Kosiarek et al. (2019)
log g, (logip[cm s72]) 4.6584+0.035 Kosiarek et al. (2019)
Systemic velocity, vgys [km s, 26.09+0.25 Gaia Collaboration et al. (2018)
Limb-darkening coefficients 1 ....... 0.086634767 EXOFAST

P2 oo 0.34988822 EXOFAST
Magnitude (J-band) ................. 8.79440.026 Cutri et al. (2003)

GJ3470b Parameters

Orbital period, P [days] ..............
Transit epoch, Tg [BJDTpB] .........
Eccentricity, € ...........c.ooiiii.n.
Argument of periastron, w [deg] ......
Stellar reflex velocity, K, [ms~1] ....
Orbital major semi-axis, a [au] .......
Orbital inclination, ¢ [deg] ...........

Planetary mass, My [Mjyp] .. ..ot 0.
Planetary radius, Ry, [Rjup] ... ... ...
Impact parameter,b .................
Equilibrium temperature Teq [K] .. ...
Planet RV semi-amplitude, K, [ms™!]

3.336652660:0000003
2456340.725590-00011

0.12570015
-83.4+34
8.0310-33

0.028870 003
88.88710-02
0.03958 000103
0.346+0.029

0.2940.14
604498
114.740.5

Stefansson et al. (2022)
Stefansson et al. (2022)
Stefansson et al. (2022)
Stefansson et al. (2022)
Stefansson et al. (2022)
Kosiarek et al. (2019)
Biddle et al. (2014)
Kosiarek et al. (2019)
Kosiarek et al. (2019)
Biddle et al. (2014)
Biddle et al. (2014)
This work
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Figure 4.12: Same as Fig 4.4 but for all the investigated nights.
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Figure 4.13: Corner-plots in the DE-MCMC analysis. The excess of absorption ¢ [%],
offset [%], peak position, and FWHM correspond to the parameters we used in the
Gaussian fit, while the jitter term oj, the semi-amplitude of the correlated noise 5, the
correlation length A were used to parametrize the SE kernel within the GP.
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Table 4.7: log Ry values.

Night log Rk
2019-07-24 | -4.561+0.008
2020-08-09 | -4.5714+0.007
WASP-69D | 051 1028 | -4.608+0.006
all -4.567+0.011
2019-02-07 | -4.431+0.017
WASP-107 b | 2019-05-04 | -4.488+0.015
all -4.461+0.032
2019-07-07 | -4.7124+0.008
2020-06-18 | -4.675+0.005
HAT-P-11b 2020-09-19 | -4.700+0.008
all -4.696+0.017
2018-01-13 | -4.814+0.092
2019-02-04 | -4.787-+0.078
2019-12-28 | -4.795+0.019
GJ3470b 2020-01-27 | -4.815+0.019
2022-12-23 | -4.842+0.013
all -4.809+0.054
2018-04-16 | -5.223+0.028
2020-02-19 | -5.183+0.010
2020-02-27 | -5.173+0.018
GI36b | 5055 0311 | -5.18240.015
2022-12-24 | -5.199+0.015
all -5.19140.024

The log Rjjxmeasurements have been obtained from the Ca 11 H&K lines through the
offline version of HARPS-N data reduction software (DRS) available through the Yabi
web application (Hunter et al. 2012). For GJ436 and GJ3470, which have an index color

B-V>1.1, we applied the Suarez Mascarefio et al. (2015) formalism.
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4.2 Photo-evaporating puzzle: exploring the enigmatic
nature of TOI-5398 b atmospheric signal

High-resolution transmission spectroscopy has been predominantly applied to hot and
massive exoplanets, such as Hot Jupiters (HJs), because of their high equilibrium tem-
peratures due to the small distances from their host star (Guilluy et al. 2022a). The close-
ness and the subsequent high equilibrium temperature, 7., favor the photo-evaporation
processes, and enhance the scale height defined as

H = %, 4.1)

H9p

where kp is the Boltzmann’s constant and p is the mean molecular weight. In many
cases, this leads to a large annulus that absorbs the starlight during the transit, resulting
in a strong signal. However, the large HJs mass increases the surface gravity, g,, and
hence diminishes the scale height. Therefore, the ideal targets for transmission spec-
troscopy are close and hot inflated planets with lower densities. The poorly-explored
classes of Warm and Hot Saturn-like exoplanets combines these characteristics pre-
senting an exciting opportunity to broaden our understanding of planetary atmospheres
beyond the better-studied HJs.

The TOI-5398 system (see Table 4.8 for the parameters) serves as a fascinating tar-
get for atmospheric studies due to its compact planetary architecture consisting of two
planets orbiting close to the host star (Mantovan et al. 2024a) with the outer one distant
0.0980 au from the star. The outer planet, TOI-5398 b, is a warm Saturn-like exoplanet
with distinct features that make it an ideal candidate for transmission spectroscopy. It
has an equilibrium temperature of 947 K resulting in a scale height i}, = 1106.1 km,
(with g = 1.3 assuming a hydrogen-dominated atmosphere, instead of a hydrogen-and-
helium-dominated atmosphere as in Fossati et al. 2022) larger than the mean value of
an Hot Jupiter (HJ) (~ 450 km) and the largest Transmission Spectroscopy Metric
(Transmission Spectroscopy Metric (TSM), Kempton et al. 2018) value (TSM = 288)
among all known warm giant planets. Its position at the border of the Neptunian valley
and savanna (Owen & Wu 2017; Armstrong et al. 2019) makes the target even more fas-
cinating since its predicted evolution will lead it at the center of the savanna in the next
hundreds of Myrs as shown in Fig. 4.14 and in Fig (E.1) from Mantovan et al. (2024b).
The system evolution was strongly shaped by the closeness to the host star, a young age
(650 Myr) G-type star responsible for the photo-evaporation of the planets as discussed
by Mantovan et al. (2024b). Based on their findings, planet b underwent minimal mass
loss and hence the present size and composition of this gas giant are probably primor-
dial, while planet c, the inner sub-Neptune, on the other hand, was more profoundly
influenced by photoevaporation as hinted by its modal density.

The stellar x-ray and extreme ultraviolet (XUV) flux plays a crucial role in influenc-
ing the atmospheric properties of young exoplanets. Understanding the interactions be-
tween the XUV flux and the atmospheres of distant worlds provides critical insights into
the atmospheric escape processes, photochemistry, and overall atmospheric evolution.
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Figure 4.14: Known exoplanets as a function of their radius and period from the NASA
Exoplanet Archive (Akeson et al. 2013) within the Neptunian desert and savanna. The
color represents the density of planets. TOI-5398 b is highlighted with a purple diamond
while the planet c is highlighted by a cyan one. The arrow indicates the expected posi-
tion of the planet b within the Savanna at the end of its evolution according to Mantovan
et al. (2024b). The marker size is proportional to the planetary mass.

The present study aims to explore the atmospheric composition of this intriguing exo-
planet and contributes to the growing body of knowledge on diverse planetary systems.
We aim to explore the composition of the upper layers of the atmospheres using dif-
ferent techniques involving both the visible and near-Infrared (nIR) part of our spectra,
deepening our knowledge of the role of the XUV flux on the TOI-5398 system. For this
purpose, we focus on lines arising from atomic species sensible to photo-evaporation
such as He1and Ha , along with the search of other atomic species.

4.2.1 Observations

We observed the system TOI-5398 as part of the DDT proposal A46DDT4 (PI: G.
Mantovan) on UT 25 March 2023 with the GIARPS observing mode (Claudi et al.
2017) of the Telescopio Nazionale Galileo (TNG). GIARPS allows for the simultane-
ous monitoring at High-Resolution in the visible band (0.39-0.69 pm) with HARPS-N
(R ~ 115,000) and in the nIR (0.95-2.45m) with GIANO-B (R ~ 50, 000).

For the GIANO-B observations, we employed an ABAB nodding pattern (Claudi et al.
2017) to optimise thermal background noise subtraction. GIANO-B is an echelle spec-
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atmospheric signal

Table 4.8: The stellar and planetary parameters adopted.

Parameters TOI-5398 b TOI-5398 ¢ Reference
Stellar Parameters
Stellar mass, My (M) «.vvnvinniiiiiiaen 1.146 + 0.013 Mantovan et al. (2024a)
Stellar radius, R, (Rg) «.ovovvneiii i 1.051 £0.013 Mantovan et al. (2024a)
Effective temperature, Teg (K) .........cooint. 6000 £ 75 Mantovan et al. (2024a)
Metallicity, [Fe/H] (dex) ............c.ooouenn.. 0.09 4+ 0.06 Mantovan et al. (2024a)
log g (logip(ems™)) ....oooiiiiiiiiie . 444 +0.10 Mantovan et al. (2024a)
Systemic velocity, veys (kms™) ... 9.95 +£0.30 GaiaDR3
vsing, (kms™) ... 7.54+0.6 Mantovan et al. (2024a)
Planetary Parameters
Orbital period, P (days) ........................ 10.590547+5:500012 4.7727173:30091¢ Mantovan et al. (2024a)
Transit epoch, To (BIDTDB) ««vvvvveeeeeeeannn.. 2459616.492321 000022 Mantovan et al. (2024a)
Eccentricity, € .........cooviiiiiiiiiiiiia <0.13 <0.14 Mantovan et al. (2024a)
Argument of periastron, w, (deg) ................ 92.07820 172775, Mantovan et al. (2024a)
Stellar reflex velocity, K, (ms™) ................ 157+15 41777 Mantovan et al. (2024a)
Orbital semi-major axis,a(au) .................. 0.0980 + 0.0050 0.057 £0.003  Mantovan et al. (2024a)
Orbital inclination, ¢ (deg) ...................... 89.215051 >88.4 Mantovan et al. (2024a)
Planetary mass, My, (M) ....................... 0.185 £0.018 0.0345 + 0.0125 Mantovan et al. (2024a)
Planetary radius, R, (Ry) ................oioL. 0.9189 + 0.0357 0.32 +0.02 Mantovan et al. (2024a)
Planetary density, pp, (g/cm®) ............ooo. 0.29 & 0.05 1.50 4+ 0.68 Mantovan et al. (2024a)
Impact parameter, b ...............ooeeeeeeenn.. 0.27275:9% <0.34 Mantovan et al. (2024a)
Projected obliquity, A (deg) ..................... 3.01%% Mantovan et al. (2024b)
Equilibrium temperature, Teq (K) ............ ... 947 £+ 28 1242 4+ 37 Mantovan et al. (2024a)
Planet radial-velocity semi-amplitude, K, (km s7h) 101.58 132.14 This work
Table 4.9: Observations log.
Nops (In/Out of transit) Exp time [s] S/Navg
HARPS-N GIANO-B | HARPS-N GIANO-B | HARPS-N GIANO-B
47(24/23) 82(46/36) 600 300 43 33

From left to right: the number of observed spectra (Ngps), the exposure time,
the average S/N (S/Nay,), across the selected spectral ranges (548.1-554.2 nm
for HARPS-N, and 1082.49-1085.5 nm for GIANO-B, respectively).

trograph that covers four spectral bands in the near-infrared (Y, J, H, K) divided into 50
orders. For our analysis, we focused on order #39 in the J-band, where the He I triplet
is located. The HARPS-N spectrum, on the other hand, is made by 69 orders along
its wavelength range. We focused on orders #56 and #64 for the single-line analysis of
the Na I doublet and Ha respectively, while we employed the whole spectrum for the
cross-correlation with templates analysis. TOI-5398 b was scheduled for observations
before, during, and after the planetary transit. Coincidentally, during the selected transit
window, TOI-5398 ¢ was also transiting (see Fig. 4.16). The impact of planet c transit
on the analysis of planet b is further discussed in the next sections.

We observed the target with an exposure time of 600 s for HARPS-N, and 300 s for
GIANO-B, collecting 47 and 82 spectra with an average Signal to Noise Ratio (S/N) of
43 and 33 for HARPS-N and GIANO-B, respectively. A summary log of the observa-
tions is provided in Table 4.9. The same dataset was used in Mantovan et al. (2024b) to
analyse the geometry of the system and evaluate the impact of photo-evaporation on the
two planets of the system.
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proposal A46DDT4 represented with red and blue dotted lines for planet b and c re-
spectively. The transit of planet c is completely overlapping with planet b one.
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4.2.2 Methods

Extraction of single-line transmission spectra

The GIARPS observing mode of the TNG is crucial for simultaneously observing both
the visible and near-infrared (nIR) parts of the planetary spectrum. Recent studies
by Guilluy et al. (2024) have demonstrated that combining data from HARPS-N and
GIANO-B enables the retrieval of valuable information about the atmospheres of ex-
oplanetary targets. In particular, the joint analysis of the HeI triplet and Ha plays an
important role in understanding if a detection may be affected by stellar activity (e.g.,
Guilluy et al. 2020, 2023). The two different datasets require different frameworks to
extract the planetary signal around the studied lines. We discuss the different method-
ologies to extract the transmission spectra in the next subsections. Eventually, we apply
an uniform analysis on the extracted spectra.

We do not include in our analyses any correction to take into account the presence of
planet c. Despite planet ¢ being closer, and hence hotter than planet b, the inner planet
is almost five times denser than its outer companion, resulting in a smaller scale height
(~ 880 km vs ~ 1100 km). This is one of the reasons why we think that planet ¢ do not
play a major role in our analysis, as we deeply discuss in Section 4.2.4.

The main difference between the nIR and visible datsets concerns the modelling and
removal of the Rossiter-McLaughlin Effect (Rossiter-McLaughlin Effect (RME)) and
the Center-to-Limb Variation (CLV). In fact, we neglect the impact of the RME and
CLYV on the Helium triplet, as several studies have shown that these effects have little (or
no) impact on the helium lines (e.g., Nortmann et al. 2018; Salz et al. 2018; Allart et al.
2019; Fossati et al. 2022; Allart et al. 2023; Guilluy et al. 2023) As stated before, we do
not correct for planet c RME+CLYV in the visible dataset as the RME+CLV impact de-
pends on the size of the stellar disc obscured and planet ¢ has a radius three times smaller
than planet b. Therefore, the surface covered by planet ¢ is almost 10 times smaller than
the one obscured by planet b. This means that the intensity of RME effect should be 10
times smaller than planet b one. Moreover Mantovan et al. (2024b) discussed the same
problem regarding their Rossiter analysis to retrieve the orbital obliquity and showed
that the radial velocity RME of planet ¢ is comparable with the stellar activity.

GIANO-B nIR region We adopted a procedure similar to the one described in Section
4.1.3, employing the GOF IO pipeline (Rainer et al. 2018) for extracting spectra from the
raw GIANO-B images. This process involved dark subtraction, flat field correction, and
removal of bad pixels. Additionally, we performed a preliminary wavelength calibra-
tion using a U-Ne lamp spectrum as a template in the vacuum wavelength frame. We
focused on the msld spectra, with the echelle orders separated. To enhance the initial
wavelength solution, we employed the same approach described in our previous sections
(e.g., Giacobbe et al. 2021; Guilluy et al. 2022a, 2024, in Section 4.1). We aligned all
the spectra to the Earth’s atmospheric rest frame, assuming it as the frame of the ob-
server (disregarding any ~10 m s~ differences due to winds), by measuring any shifts
relative to an average spectrum taken as a template for the night. Subsequently, we re-
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Figure 4.17: Master-out (black) and master-in (red) spectra in the star frame. The dashed
grey line indicates the spectrum before the Molecfit correction, while vertical dashed
black and blue lines denote the position of the stellar He I triplet and OH emission line,
respectively. In-transit absorption is visible by eye, especially in the zoomed in panel.
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fined the wavelength solution by utilizing an Earth’s atmospheric transmission spectrum
generated using the Sky Model Calculator’. For the remaining analysis, our focus was
solely on order #39, which includes the He I triplet. The magnitude of the wavelength
calibration refinements is ~0.56 km s™!, approximately one-fifth of a pixel.

To account for the Earth’s atmosphere contamination, we utilised the ESO software
Molecfit ® (Smette et al. 2015; Kausch et al. 2015) to correct for the transmission
telluric lines, with particular focus on the H5O lines at approximately 1083.51 nm.

The GIANO-B nodding acquisition mode automatically corrects for OH emission lines.
However, in our previous works (e.g., Guilluy et al. 2023, 2024), we observed that the
A-B subtraction could leave residuals at the position of the deepest OH doublet (around
1083.43 nm) due to variations in atmospheric seeing during observations. To address
this, we masked any potential residuals in the final transmission spectra as described in
Guilluy et al. (2023).

To separate the stellar contribution from the potential planetary signal, we performed
transmission spectroscopy on the GIANO-B spectra according to the following ap-
proach. To start, we moved the spectra to the star’s rest frame and then we normalised
the spectra to unity by median division excluding the spectral region around the He I triplet.
Following that, we generated a master stellar spectrum, S,u()), by averaging the out-
of-transit spectra (i.e., with an orbital phase smaller than t; or greater than t,, the two
ingress/egress contact points). We performed a visual comparison between the Sy, ()
and a Master-in spectrum, which was derived by averaging the in-transit between t; and
t3 (i.e., the full-transit contact points). An absorption feature is readily discernible in
the stellar spectrum, precisely coinciding with the position of the He I triplet (Fig. 4.17).
To better investigate this feature, we derived individual transmission spectra, 7'(\, i), by
dividing each spectrum by S,.(A). Finally, we linearly interpolated the transmission
spectra in the planet’s rest frame. The left panel of Fig. 4.18 displays the 2D transmis-
sion spectroscopy map, while the right panel shows the He I spectroscopic light curve
computed within a passband of 0.075 nm centred at the peak of excess absorption in the
planet rest frame (Allart et al. 2019). To quantify the contrast c of the extra absorption
observed at the position of the He I triplet, we employed the Differential Evolution (DE)
Markov chain Monte Carlo (MCMC) method (Ter Braak 2006). This involved fitting a
Gaussian profile to the mean in-transit transmission spectrum, computed by averaging
the 2D maps between the transit contact points ty and t3. We fitted the peak position,
the full-width at half maximum (FWHM), the contrast value (c¢), and an offset for the
continuum. Correlated noise in the transmission spectrum was accounted for using
Gaussian process (GP) regression within the same DE-MCMC framework, employing
a covariance matrix described by a squared exponential kernel (Guilluy et al. 2024; Si-
cilia et al. 2024). Additionally, uncorrelated noise was taken into account through a jitter
term oj. The correction with the GP regression model is illustrated in Fig. 4.20, with
detailed posterior distributions provided in Fig. 4.25. The best-fit parameters obtained
from the DE-MCMC Gaussian analysis are summarised in Table 4.10. Parameter val-

"https://www.eso.org/observing/etc/bin/gen/form?INS.MODE=swspectr+
INS.NAME=SKYCALC
8http://www.eso.org/sci/software/pipelines/skytools/molecfit
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Figure 4.18: Left panel: 2D maps of transmission spectra in the planet rest frame in
the region of the He I triplet, as a function of wavelength and planetary orbital phase for
TOI-5398 b. The contact points ty, ty, t3 and t; are marked with horizontal blue lines.
The regions affected by OH contamination are masked. Some residuals are left at the
position of the Si line (~1083 nm). This is due to the depth of the line, which can cause
difficulties in spectral extraction (see, e.g., Krishnamurthy et al. 2023). Red dashed
lines mark the position of the He 1lines. Right panel: The light curve in the planet rest
frame computed in a bandpass of 0.075 nm (equivalent to ~ 20 kms~!). Black points
are computed with a phase bin of 0.002. Vertical black dashed lines indicate the position
of the transit contact points ty, ta, t3, t4.

Table 4.10: Best-fit parameters for the single lines analysed.

Line Peak position Contrast ¢ Reg FWHM Significance | drp/Heq
[nm] [kms™'] (%] [Rp] [nm] (o]
Her | 10832969 T5.00%2 | -8.00 7117 | 3.57 7025 | 233 £0.02 | 0.084 70515 6.9 7949
Ho | 656.2834 100000 | 1.94 T112 | 1.39 058 | 1,65+ 0.11 | 0.104 75055 5.0 39+7
NaDI | 589.5900 *0-0011 | -0.98 7022 | 3.79 1022 | 2.38 £0.13 | 0.021 *002 7.9 82+12
NaD2 | 588.9952 700017 | 0.14 7055 | 3.36 7045 | 2.28 +0.12 | 0.028 T500; 7.4 75+11

From left to right: the investigated spectral line, the peak position (both in air wavelength and velocity respect
to the planetary reference frame), the excess of absorption c, the corresponding effective radius, the FWHM,
the significance of the detection, and the ratio between the equivalent height of the atmosphere and the atmo-
spheric scale height.

ues and their 1o uncertainties were determined from the medians and the 16%-84%
quantiles of their posterior distributions.

Table 4.10 reports also the effective He Iradius (e.g., Chen et al. 2018) that would pro-
duce the observed absorption contrast c. We then normalised it to the atmospheric H.,
to compute the quantity og,, / He, (Nortmann et al. 2018), which represents the number
of scale heights probed by the atmosphere in the spectral range under consideration.
Here, H., is computed by assuming a mean molecular weight of 1.3. (Fossati et al.
2022).

HARPS-N visible region We obtained the transmission spectra of the individual lines
using a method similar to that outlined in Wyttenbach et al. (2015), thus comparing
spectra during and outside of transit. The raw data have already been processed using
version 3.7 of the HARPS-N DRS(Pepe et al. 2002). At this point, the 1D spectra we
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Figure 4.19: Same as Fig. 4.18 for the lines detected in the visible range.
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Figure 4.20: Transmission spectra of He I triplet, Ho and Na 1 doublet after the GP cor-
rection. For each investigated line, the GP correction is shown. Left panel: transmission
spectrum centred on the line (in the planet rest frame) with overplotted the GP regres-
sion model, along with the 10 uncertainty intervals (in blue), and the Gaussian+GP
model (in red). Right Panel: Final transmission spectrum after removing the GP model.
Vertical black dotted lines indicate the position of the investigated line. The error inter-
vals for the Gaussian fit were computed by displaying 1000 Gaussian fits within the 1o
uncertainties of the derived parameters, spanning the 16%-84% quantiles.
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employed include the stellar signal, the planetary signal, and telluric contamination, all
presented in the solar system barycentric reference frame with the wavelength informa-
tion provided in the air reference frame.

Correcting for telluric absorption is crucial, especially in the red region of the HARPS-N
spectra, where the Earth’s atmosphere shows significant H,O and O, absorption fea-
tures. Figure 4.24 illustrates an example of removing telluric lines near the Ha and
Na I doublet regions. The software Molecfit provides telluric-corrected spectra in
the solar barycentric reference frame. Consequently, we adjusted the spectra to the
stellar reference frame by accounting for the star’s systemic radial velocity, vgy. The
telluric-corrected spectra are then normalised to a common continuum level within a
narrow wavelength range around each absorption line of interest. Before transition-
ing to the planetary reference frame, we must consider the combined effects of the
Rossiter-McLaughlin Effect (RME) (Rossiter 1924; McLaughlin 1924) and Center-to-
Limb Variations (CLV), which result from stellar rotation and limb darkening, respec-
tively. We addressed the RME+CLYV effects by employing a similar approach to that
outlined by Yan et al. (2017), utilizing stellar models. Specifically, we used ATLAS9
stellar models (Kurucz 1992, 2005, 2014, 2017) to generate the disk-integrated stel-
lar model based on the system parameters listed in Table 4.8. We computed spectra
for both a non-rotating star and a rotating star. To determine the portion of the stellar
disc obscured by the planet at each phase (referred to as the obscured region), we used
PyLightCurve (Tsiaras et al. 2016) to calculate the planet’s transit path. We then
created a grid with a pixel size of 0.01 R, x 0.01 R, to approximate the stellar disc
and calculated the stellar flux for the obscured region at each phase as already done in
D’ Arpa et al. (2024b) and described in Section 2.1.2. The intensity of each pixel was
determined based on the limb darkening angle and the radial velocity shift relative to
the stellar rotation axis. Using the ATLAS9 models, we computed the spectrum of the
obscured region by summing the spectra of each pixel, each appropriately shifted by its
own radial velocity. We derived the limb darkening coefficients for our stellar model
using the ExoTethys (Morello et al. 2020) function Sai 1 with a quadratic limb dark-
ening law, consistent with ATLAS9. The integrated flux /'y corresponds to the spectrum
of the non-rotating model. Rotational broadening was obtained by summing the contri-
butions of each pixel, each shifted by its own radial velocity. The observed master-out
spectrum is broadened by stellar rotation, so we used the rotationally broadened model
to normalize the continuum of the non-rotating model. Finally, we subtracted the mod-
eled obscured region from the master-out spectra and divided all spectra by this result.
Once the spectra in the stellar reference frame had been corrected, we shifted all the in-
transit spectra to the planet reference frame by correcting for its radial velocity profile in
a circular orbit scenario using the parameters listed in Table 4.8. The final transmission
spectrum of each line is calculated as the error-weighted average of all the full in-transit
spectra (ts - t3) in the planet reference frame. We then performed a Gaussian fit returning
the absorption depth, the FWHM, and the velocity shift with respect to the line wave-
length corresponding to a zero radial velocity. At the beginning, we used the planetary
radius to represent the size of the obscured region of the stellar disk. We then translated
the line absorption depths, returned by the Gaussian fit, into planetary radii and we used
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these values to repeat the RME + CLV removal with an increased size that accounts for
both the planetary radius and the atmospheric extension. We repeat the loop, retrieving
a new depth expressed in planetary radii, until the threshold convergence (0.001 R,) is
reached. Once we found the optimal value for the planet+atmosphere region of the stel-
lar disk obscured, we used the same DE-MCMC+GP tool employed in the GIANO-B
analysis to fit our final corrected transmission spectra. Fig. 4.20 shows the correction
with the GP regression model, while the posterior distributions are provided in the Ap-
pendix in Fig. 4.25. The best-fit parameters obtained from the DE-MCMC Gaussian
analysis are reported in Table 4.10. As for the He I contrast, we derived the correspond-
ing effective radius for both Ha , and the Na I doublet. As noted in the previous work
described in Section 4.1, the correlated noise is weaker in HARPS-N spectra compared
to the GIANO-B ones. In this work we investigated and assessed the necessity of the
GP regression model correction using the Bayesian information criterion (BIC, Kass
& Raftery 1995). We considered the Gaussian+GP model as favourite compared to
the simple Gaussian model (which also considered uncorrelated jitter) only if accom-
panied by a lower BIC and a difference in BIC (ABIC) > 10, along with a Bayesian
Evidence >150. For all the three investigated lines (i.e., Ho , Na D1, and Na D2), the
Gaussian+GP model emerged as the preferred choice. We provided the ABIC and the
corresponding Bayesian evidence in Table 4.12. We computed the spectroscopic light
curves similarly to the He I ones, considering a width of 20 kms™.

Cross correlation with templates

As introduced in Section 3.2, to optimize the detection of certain elements with hun-
dreds of weak lines, the cross-correlation function (Cross Correlation Function (CCF))
is more suitable than transmission spectroscopy analysis (Brogi et al. 2012; Hoeijmak-
ers et al. 2019; Borsa et al. 2021a), especially in the case of individual nights, since
it allows to boost the S/N. We used the CCF method in the visible band searching for
any exoplanetary signal. Before applying the CCF technique to our HARPS-N data,
we employed the same telluric profile retrieved from the HARPS-N s1d spectra using
Molecfit, and we used it to correct the HARPS-N e2ds orders from telluric lines for
each exposure (Hoeijmakers et al. 2020). To improve the accuracy of the CCF analy-
sis, we chose to omit the initial five orders and the last one from all exposures due to
their low S/N. We constructed the mono-dimensional spectra from normalised telluric
corrected e2ds orders. These 1D spectra were then cross-correlated with the templates
at 2000K, 2500K and 3000K provided by Kitzmann et al. (2023) for each element, after
convolving them with the HARPS-N resolution (R ~ 115,000). Since these templates
are derived using the Sun’s radius as reference, before any CCF computation, we mul-
tiplied them by the ratio (R /R,)? as stated in Kitzmann et al. (2023), using R, from
Table 4.8. The templates were shifted in radial velocities between [-200 km s~1, +200
km s~1] with a step of 1 km s~!. The resulting CCF was then shifted in the stellar
reference frame, interpolated in radial velocity between [-150 km s~1, +150 km s]
maintaining the 1 km s~! step and divided by the mean of out-of-transit (master-out).
To achieve a more precise normalisation and address any imperfections, we divided the
CCF by the median values across the exposures. To remove any residual fluctuations we
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performed a Fourier Transform discarding all the frequencies beyond the 100 km s,
In this way, we investigated the presence of all the species given by Kitzmann et al.
(2023) including both neutral and ionised elements, having at least one absorption line
in the visible band covered by our order selection. The resulting CCFs for some ele-
ments exhibit the characteristic Doppler shadow. We removed it following the Rainer
et al. (2021) approach: we shifted the data in the Doppler shadow reference frame and
fitted each columns in a region where the Doppler shadow fell with a fifth-degree poly-
nomial. However, the specific geometry of the TOI-5398 system is such that the Doppler
shadow and the planetary trace overlap (see Casasayas-Barris et al. 2022; Sicilia et al.
2024, for a similar scenario). Therefore, in this scenario, the Doppler shadow signal
may completely mask the potential planetary signal, and even if the Doppler shadow
is modeled and removed, the potential planetary signal may also be eliminated. Figure
4.21 shows the CCF obtained with the Na 1, Ca I, and Fe 1 templates at 2000K. The
Doppler shadow for these elements was modeled out for Ca 11 and Fe 1.

4.2.3 Results
Single Line and Cross correlation analyses

By the comparison of the out-of-transit spectra with the in-transit ones, we were able to
discern clear He I, Ha , Na D1, and Na D2 absorption signals. Applying the framework
described in Section 4.2.2, we estimated contrasts of the excess absorption of 3.5770 2%
(6.90), 1.397038% (5.00), 3.7973%°% (7.90), and 3.367015% (7.40) for He1, Ha , Na
DI, and Na D2, respectively. These values correspond to effective planetary radii of
~2.33 Ry, ~1.65 Ry, ~3.81 Ry, and ~2.28 Ry, the extensions of which are well below
the planet’s Roche Lobe radius (~5.8Rp), computed using Equation 2 from Eggleton
1983. This indicates that the planetary atmosphere is not escaping due to the gravita-
tional pull of the star as discussed in the next Section. Assuming a scale height () of
~ 1106 km, and considering 1o uncertainties, we found that the He I atmosphere probes
a number of scale heights varying between ~ 70 and ~ 88 H, while the Ho atmosphere
varies between 32 and 46 H, Na D1 between 70 and 96 H and Na D2 between 64 and
86 H. We found the He I absorption signal to show a clear blueshift, ~ 8km s~!while
the Optical species do not display either a significant blueshift or a redshift. He1and
Ha have similar FWHM, larger than the Na I doublet ones. For the He 1 and Ha lines,
our detections seem to be supported by the spectroscopic light-curves, which hint at the
presence of an He I tail that we discuss later. The Na doublet light-curves do not show a
clear transit signal, despite showing a decrease in flux on the second half of the transit.
This is possibly related with the overlapping RME as discussed later. We also investi-
gated the presence of other metal species in the atmosphere, analysing a wide forest of
lines belonging to Mg I, Ca 11, Fe I and Fe 11, but unfortunately, we did not detect any
significant line. The cross-correlation of the extracted spectrum with Kitzmann et al.
(2023) templates did not return any detection of the investigated species. As already
stated, this framework is particularly challenging in our case due to the overlap of the
possible signals with the Doppler shadow. This affected also the extraction of single
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lines in the visible spectrum of TOI-5398 b. An under-correction of RME may cause
to miss the signal while an over-correction may lead to a false detection. We compared
the results obtained applying the method described in Section 4.2.2 (already employed
in Guilluy et al. 2024 and D’ Arpa et al. 2024b) with the results obtained using SLOPpy
(Sicilia et al. 2022) which employs a different method to model the RME+CLYV, as
described in 4.2.5.

Comparison with ATES predicted spectra

To support the interpretation of our He I observations, we conducted simulations of the
atmospheres of the two planets and their respective He I absorptions using the 1D hydro-
photoionisation self-consistent code ATES (Caldiroli et al. 2021) and the new transmis-
sion probability module (TPM, Biassoni et al. 2024b). The ATES code derives the 1D
atmospheric radial profile such as temperature, pressure, density and velocity along with
the mass loss rate M.

For these simulations, we used the planetary parameters listed in Table 4.8 for planets b
and c, while the stellar spectrum was calculated as follows. For the UV component, we
adopted a stellar spectrum from the Phoenix library (Husser et al. 2013) to which we
added the Lyman alpha emission following the prescriptions of Linsky et al. (2020) and
as described in Locci et al. (2022). For the EUV and X-ray components, we produced
a synthetic spectrum from a composite chromosphere-corona plasma emission measure
distribution vs. temperature, EMD(T), constructed as follows: the coronal part (log
T > 5.5 K) was interpolated from the grid of EMDs provided by Wood et al. (2018)
for a star with a surface X-ray flux Fx = 1.5 x 10°% ergs~—! cm~2(corresponding to Lx
=1 x 10% erg s~ '), while the chromospheric section (log T from 4.0 to 5.5 K) was
approximated as a power law following Sanz-Forcada et al. (2011), with the constraint
that the F.,,/F,ratio follows the scaling law indicated by Johnstone et al. (2021). Then,
the optically-thin XUV spectrum (1.24 - 1700 A) was computed adopting the plasma
emissivities from the CHIANTI v7.13 atomic database as in Maggio et al. (2023).

We started our simulations for both planets assuming a constant He/H number abun-
dance of 1/12 alongside the overall atmosphere. This provided us a M of 101
gs~tand 104 gs~Ifor the planet b and c respectively, indicating that nowadays the
innermost planet c is affected less than the planet b by the atmospheric escape effect.
However, this doesn’t exclude the possibility that in the past planet ¢ may have expe-
rienced significantly greater atmospheric loss. We investigated the He I absorption pro-
files for both planets using the TPM module. For this analysis, we firstly simulated the
atmospheric profiles changing the He/H number abundance, using the values of 0.01,
0.02, 0.04 and 1/12. We then repeated the simulations varying the XUV flux to include
the enhanced stellar activity of a young star. TOI-5398 is a G type star with an age
comparable to the one of the Hyades cluster stars. According to Fig. 4 of Preibisch &
Feigelson (2005), in such stars, the typical X ray luminosity is centred at Lx = 1 x 10%
erg s, which is the value we adopted, with a variation from the pre—main sequence
through the main sequence being almost a factor two. Therefore, we repeated the same
simulations described above with varying the XUV luminosity of a factor two. We used
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Figure 4.21: Cross correlation and K-V, maps of Na I, Ca I and Fe I obtained with
the Kitzmann et al. (2023) templates at 2000K for TOI-5398 b. In the first column the
CCF are depicted in terms of ppm. The dotted horizontal lines indicate the T1 and T4
contact points, while the red dashed line is the planetary trace. The Doppler shadow
follows the white slanted line. Second columns are the K-V, maps. The planetary
signal is expected to be limited between the green pointer in the middle of the figures,

while the red lines point at the minimum value of the K-V, between K, 75 km s~

1
’

125 kms~*and RV -50 kms™*, +50 kms~*. The last column is the K,-V,; 1D map
evaluated at the K, minimum value. The grey region is the 30 edge, while the vertical

navy dashed line refers to the RV 0 kms™
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Figure 4.22: He I simulated absorption profiles for both planets changing the He/H num-
ber abundance. The green line corresponds to the He 1 observed signal with 1o errorbars
given in Table 4.10. The blue and red bands correspond to the simulations obtained for
the two planets varying the X-ray luminosity of a factor 2.

the results as a function of the He/H number abundance to estimate the uncertainties of
the values retrieved with the nominal luminosity. The resulting He I absorption profiles
obtained with these different He/H number abundances for planet ¢ are always below
the observed signal, while for planet b, the simulations are consistent with the observed
signal only with a He/H number abundance between 0.01 and 0.02 (see Fig. 4.22).

4.2.4 Discussion

Within the single-line analysis context, He I triplet in the nIR, and Ha and Na 1 doublet
in the visible are among the pivotal lines studied in exoplanetary atmospheres, thanks
to their strength and to their role as marker for features such as photo-evaporation and
stellar activity. The Na 1 doublet has been detected in several hot exoplanets with tem-
peratures ranging from WASP-69 b 963 K (e.g., Casasayas-Barris et al. 2017; Kha-
lafinejad et al. 2021) until KELT-9 b 3921 K (e.g., Langeveld et al. 2022; D’Arpa
et al. 2024b). Therefore, according to our detection, TOI-5398 b will be among the
coldest (947 K) planets showing the Na I doublet to our knowledge. The Heland
Ha distribution has recently been discussed by Orell-Miquel et al. (2024) who explored
the high-resolution spectroscopy observations from CARMENES and GIARPS check-
ing for HeTand Ha signals in 20 exoplanetary atmospheres. From their work we can
see that the joint detection of He 1and Ha has been observed only in 2 targets: WASP-
52 b (Chen et al. 2020; Kirk et al. 2022; Vissapragada et al. 2020) and HAT-P-32 b
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(Czesla et al. 2022; Zhang et al. 2023b), with WASP-52 b being the only one with a
detection of all the three species detected in this study.

The height distribution of the species in our atmosphere suggests that He1and Na I lay
in an external atmospheric layer with respect to Ha . Ha forms through absorption
from the n=2 level of neutral hydrogen, which is likely excited by the strong stellar Ly«
line and/or by the photoionizing radiation of our young star followed by subsequent
recombination and population of the n = 2 level as in solar-like stellar atmospheres
(Cram & Mullan 1985). To justify the observed Ha absorption, it is necessary that
hydrogen has a sufficient number of atoms in the excited level n=2. If we go too high in
the planetary atmosphere, hydrogen finds itself in a less dense medium and has enough
time to decay to the fundamental level n=1 before being able to absorb a photon in the
Ha line. In the case of He I triplet, the situation is different because the lines form
through absorption from a metastable level. Even if we are high in the atmosphere, the
level decays over much longer timescales than those required for photon absorption in
the lines. Moreover, in a less dense medium, the probability that the atom decays to the
fundamental level due to collision is low, facilitating the process that produces the He I
triplet.

Indeed, absorption of He I at 1083 nm is seen in certain cases even at a great distance
from the planet along almost its entire orbit (see Zhang et al. 2023b, for example). The
sodium retrieved height is more challenging to explain since the sodium atom has a low
ionisation potential and therefore, far from the planet, it risks being ionised. However,
the absorption of the two doublet lines starts from the fundamental level, so the atom
does not need a dense surrounding medium to bring it to an excited level through thermal
collisions to produce the line. Therefore, if it does not ionize too much, some absorption
in the Na I doublet at a certain distance from the planet might be observable. In this
case, we stress the mismatch between the results obtained with SLOPpy where the Na
I doublet is found at 1.12 R, much lower than our extension. Since the species is
not detected via cross correlation with templates, the signal we detect may be due to a
partially spurious signal arising from a residual of the RME+CLV contamination which
overlaps with the planetary signal. This hypothesis could explain the fact that the Na
doublet lines do not show a clear transit signal in the light-curve despite showing a flux
decrease in the second half of the transit. Future observations and improvements in the
RME+CLYV modelling will be necessary to clarify this point.

The distribution of Ha and Na 1 resemble the same behaviour observed in WASP-52
b where Chen et al. (2020) find both sodium lines lying at an effective radius larger
than Ha one. The extended atmosphere observed for our target may be explained tak-
ing into account the photo-evaporation induced by the host star. In fact, planets close
to their host star experience a strong irradiation which causes the exoplanetary atmo-
sphere to heat up and hence to expand. The larger thermal energy induces an increase
in velocity making the particles belonging to the atmospheric species reach the Roche
Lobe and escape from the planetary gravitational well. This is particularly relevant for
younger stars which generally have a larger XUV flux such as TOI-5398. Mantovan
et al. (2024b) evaluated photo-evaporation on the system during a period spanning from
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3 Myr to 650 Myr. The two planets experienced a different evolutionary path, with
planet b being less influenced by atmospheric escape, while, on the other hand, planet ¢
experienced the loss of almost 60% of its mass, resulting in a less extended atmosphere
nowadays. At this point of their evolutionary path, planet ¢ should show a less extended
atmosphere, while planet b remains dominated by an extended envelope despite experi-
encing a current larger mass loss. The simulations we performed with ATES retrieve a
M of 1070 gs~land 10"44 gs~'for the planet b and ¢ respectively, confirming that
part of the outer layers of the atmosphere are currently undergoing atmospheric escape.
This scenario is ideal for transmission spectroscopy due to the larger extension of the
scattering annulus surrounding the planet.

From our results, we observe that TOI-5398 b shows an extended atmosphere which
reaches ~ 2.4 R,, still well under the Roche Lobe at ~ 5.8 R, computed using Equation
2 from Eggleton (1983). This does not question the photo-evaporation ongoing for the
target, since we obtain the height from a geometrical point of view from the absorption
depth of the lines detected. Since the latter is related to the point where the optical depth
is one, the height does not represent an individual layer where the species lay, since it
1s distributed according to the density profile. Therefore, we are able to find particles
overcoming the Roche Lobe despite observing an absorption that peaks well below.

The past and current status of the two planets along with the ATES models should help
us addressing the possible contamination of planet ¢ during the transit we observed.
In Fig. 4.16 we showed that the two transits almost completely overlap and only three
points of planet b are not affected by the planet c. While it is impossible to completely
exclude the uncertain contribute of planet c, its role in the observed signal seems to be
secondary as jointly supported by the two diagnostics: the planet ¢ has a less extended
atmosphere due to its past evaporation and the spectra retrieved by ATES (Fig. 4.22)
confirm our suggestions since the He I arising from the planet c is not able to justify the
absorption we observe even considering two times the nominal XUV flux. Particularly,
in order to match the He I triplet retrieved absorption we should increase the XUV flux
more than 10 times its value. On the other hand, planet b is expected to show hints of
photo-evaporation and the ATES spectra manage to mimic the 3.57% absorption with
a He/H number fraction ranging between 0.01 and 0.02 . While retrieving the He/H
number fraction is not the main aim of our comparison with the TSM module, we are
able not only to evaluate the contribution of the two planets but also to discern a range of
He/H number fraction as a function of the XUV flux adopted, which, in a young star may
vary. The use of models including the Ha line may be able to brake this degeneracy.

Observing the spectroscopic He 1 light-curve in Fig. 4.18, we note that the signal seems
to continue beyond T,4. This may be an indication of the presence of an extended atmo-
sphere or some sort of cometary tail trailing the planet. The tail may be a further proof
of the planet b being photo-evaporating. As a further evidence, we have absorption of
Herat 8 kms™!, which could originate from the cometary tail driven by stellar winds.
However, the tail does not seem to be present in the other species light-curve as in the
He1one. This may arise from the lower amount of points in the visible band due to a
larger exposure time.
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Table 4.11: Best fit parameters with SLOPpy

Line Peak position Contrast ¢ Reg @ FWHM Significance
[nm] [kms™'] [%] [Rp] [nm] [o]
Hoo | 656.2837 F000%0 1052 F45% 1 1.63 F032 | 0.92 + 0.29 | 0.042 7001 45
NaDI | 589.5901 T50011 | -1.41 T579 | 2.64 T332 | 1.12 £ 0.11 | 0.007 T2 5.0
NaD2 | 588.9953 *0001T | 47 +147 | 501 #0488 1 1 12+ 0.11 | 0.013 T5-005 4.6

2 The Reg is fitted in the analysis by SLOPpy and it is not retrieved from the contrast. Therefore
we did not include the 6r/Heq as in Table 4.10.

4.2.5 Comparison with SLOPpy

We compared the results obtained in the visible range with the method described in this
work with SLOPpy to evaluate the impact of different correction of the RME+CLV.
The two methods differ by many factors but rely on the same idea of correcting for the
part of the stellar disk obscured by the planet. Our method sets the extension of the at-
mosphere increasing iteratively the radius retrieved from the Gaussian fit until we reach
the convergence of 0.001 12, as described in Section 4.2.2 and hence we retrieve the R.g
from the absorption depth. On the other hand, SLOPpy fits the size of the atmosphere
by comparing the 2D map containing the modelled RME+CLYV and the planetary sig-
nal employing an MCMC approach. We stress that the extension retrieved by SLOPpy
is not the physical extension of the atmosphere but a corrective factor. Therefore, the
major difference in the two frameworks is the extension adopted to perform the RME
+ CLYV correction. We performed the comparison in the following way: we employed
SLOPpy which returns the extracted transmission spectrum and fit it using an MCMC
method to find the best Gaussian fit values and the best corrective radius factor to em-
ploy in the RME+CLYV correction. Then, we applied the same GP+DEMCMC analysis
described in Section 4.2.2 on the spectrum extracted with SLOPpy. The results are
shown in Figure 4.23 and in Table 4.11. The FWHM and the velocity shift are within
1o for both the Ha and Na I doublet, while, for the latter, the contrasts we retrieve are
larger than SLOPpy’s ones. A deep comparison between the two frameworks and their
sensibilities is out of the scope of this work and hence we limit to say that, despite the
difference in depth, in both cases we detect the presence of the two Na lines and the
Ha in the atmosphere of planet b.

4.2.6 Conclusions

In this work we performed a nIR+optical High resolution transmission spectroscopy
study of the Saturn-like planet TOI-5398 b, analysing one transit collected during the
25th of March 2023 with GIARPS observing mode at the TNG. The same dataset has
been used before by Mantovan et al. (2024b) constraining the orbital parameters and
evaluating the evolutionary path of the system.

We detected the presence of metastable He 1 with GIANO-B spectrograph and of Ha and
Na 1 doublet with HARPS-N employing single-line analysis. According to the ExoAt-
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Figure 4.23: Same as Fig. 4.25 for SLOPpy.
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Figure 4.24: Example of telluric correction for the Ha and Na I doublet regions.
After normalisation, the DRS processed data (in orange) was telluric corrected with
Molecfit using the telluric model in blue, here shifted upwards for clarity.

mospheres database °, this represents only one of the fewest simultaneous detection of
He 1, Ha and Na 1 doublet in the atmosphere of an exoplanet.

The cross-correlation with templates did not return any detection, probably due to the
overlapping RME, the low temperature of the planet and the exiguous dataset. In fact,
the difficulty of extracting the planetary signal in the atmosphere of smaller planets is
enhanced by the fact that we observed only one transit. As discussed in Guilluy et al.
(2024) the study of individual lines across different nights is crucial to identify possible
contamination due to stellar activity and hence more transits will be necessary to further
corroborate our detections.

Despite we attribute the signal detected to the planet b according to the evolutionary
history of the system and to the ATES simulations, future individual observations of
both planets will also be needed to definitely clarify the origin of the signals detected.
Future observations with longer baselines would also help investigating the possible
presence of a cometary tail along with 3D hydrodinamical simulations such as the ones
performed in Matsakos et al. (2015) and Colombo et al. (2024).

4.2.7 Additional Figures and Tables

https://research.iac.es/proyecto/exoatmospheres/index.php
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Figure 4.25: Posterior distribution of the investigated parameters in the DE-MCMC
analysis for the four investigated lines. The excess of absorption ¢ [%], offset [%], peak
position, and FWHM correspond to the parameters we used in the Gaussian fit, while
the jitter term o, the semi-amplitude of the correlated noise h, the correlation length A
were used to parametrise the SE kernel within the GP.

Table 4.12: Gaussian+GP and Gaussian model comparison via BIC in HARPS-N spec-
tra.

Line | ABIC | Evidence
Hao 13.3 783.8
NaDl1 | 14.7 1518.6
NaD2 | 26.8 | 654277.3

From left to right: the investigated line, the ABIC, and the corresponding Bayesian
evidence. 168




Chapter 5

Toward the Atmospheric Remote
sensing Infrared Exoplanet Large
Survey (Ariel) Space Mission: the
systematics in Low-Resolution
Spectroscopy

In the previous chapters I showed the peculiarities and challenges of extracting the trans-
mission spectra from high resolution data. This includes the removal of telluric contami-
nation and of stellar residuals such as Rossiter-McLaughlin Effect (RME) and Centre
to Limb Variation (CLV). While these effects can be hard to remove, high-resolution
data are not affected by photo-spectroscopically calibration issues: since there is not a
true continuum but only a pseudo-one due to the narrow wavelength bands, in the pro-
cedure to extract the transmission spectra, normalizations are widely used. The use of
normalisations allow to limit the impact of many parameters used in the analysis such
as the mass. On the other hand, low-resolution spectroscopy allows to measure the flux
of the spectrum but is impacted by several parameters and by their uncertainties and ac-
curacy. For example, Di Maio et al. (2023) showed the impact of mass uncertainties on
the atmospheric retrievals at low-resolution. Moreover, as the systematics highly impact
the analysis, the different pipelines used in literature may give rise to different results.
I will discuss these effects in the next two sections. In Section 5.1 I will introduce an
approach to select the parameters to obtain an homogenous analysis, while in Section
5.2 T will discuss the ongoing work on the comparison of different results obtained with
different Hubble Space Telescope (HST) pipelines.
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5.1 The problem of parameter determination

In the field of exoplanetary science, one of the fundamental challenges lies in address-
ing the diversity of parameters associated with a single planet. A given set of parame-
ters, often derived from different observational techniques and studies, can vary signif-
icantly due to differences in methodologies, data quality, and underlying assumptions.
Resources like the NASA Exoplanet Archive highlight this issue, as they collate and
present a vast array of data for individual planets, sometimes with conflicting or incom-
plete entries.

Such variability in parameter estimates can pose significant challenges for scientific
analysis. For instance, discrepancies in planetary mass, radius, or orbital characteristics
can affect derived quantities like density, equilibrium temperature, and even habitabil-
ity metrics. These inconsistencies can lead to systematic biases in population studies,
hinder accurate modelling of planetary interiors or atmospheres, and complicate com-
parisons across planetary systems.

In addition to the NASA Exoplanet Archive, other resources, such as the Extrasolar
Planets Encyclopaedia and specialized databases from large survey missions like Tran-
siting Exoplanet Survey Satellite (TESS) or Kepler, also contribute to the wealth of
information. However, these archives can sometimes report parameters based on dis-
tinct criteria or subsets of the available data, further emphasizing the need for careful
cross-comparison and validation.

Ultimately, reconciling these differences is crucial for improving our understanding of
planetary formation, evolution, and diversity. Efforts to integrate and homogenize data
from multiple sources, standardize parameter reporting, and apply statistical methods
for resolving discrepancies are essential steps toward this goal.

5.1.1 The Italian Ariel dry run

The Italian contingent of the Atmospheric Remote sensing Infrared Exoplanet Large
Survey (Ariel) space mission has resolved to undertake an ambitious experiment aimed
at assessing our capability to construct a comprehensive framework designed to repli-
cate prospective results of the Ariel mission. This endeavour will commence with the
analysis of a selected sample of stars and planets, specifically HD209458, WASP-69,
HAT-P-14, HD189733, and WASP-80 with the goal of simulating the entire process,
from the target selection to the analysis of the Ariel instruments.

The experiment involves several activities regarding the stars, the planets, their inter-
action and the atmospheres. The pipeline starts with the determination of the stellar
and planetary properties. These steps are crucial to set the common conditions for the
rest of the analyses that include: the investigation of the formation of the system, the
astro-chemistry of the disk, the atmospheric evolution, the star-planet interaction, the
planetary spectral synthesis and, eventually, the simulation and retrievals.

I focused on the working group devoted to the determination of the planetary parame-
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Figure 5.1: Diagram of the framework adopted within the Italian community for the dry
run for the planetary parameters determination.

171



Chapter 5: Toward the Ariel Space Mission: the systematics in Low-Resolution
Spectroscopy

ters. In particular, the sample of targets selected showed the necessity of a criterion to
homogenously select the planetary and orbital parameters for each planet since several
solutions are available in literature. In order to homogenously select a set of parameters
for our sample, I adopted the following strategy for each target:

» we start our framework considering a new set of stellar parameters. These have
been computed in an homogenous way, from a specific working group within the
collaboration, following the recipes described in Magrini et al. (2022). The new
stellar parameters include the mass, M s,,.,,, the radius, Rs,.,, and the effective
temperature of the stars, 7.r;. We show the results obtained for our sample in
Table 5.1;

* we selected all the different set of stellar and planetary parameters in the Exo-
planet Archive (called solutions);

« we filtered all the solutions retrieved from the Exoplanet Archive, selecting only
the ones containing the stellar mass, M sy, the stellar radius, Rs,4, the radial
velocity amplitude, K, the orbital period, P, the orbit inclination, i, the planetary
mass, Mp,q and the planetary radius, Rp,q;

* we obtain the planetary mass in two methods: we recompute a new value of M,
from Eq. 1.1 assuming a circular orbit (i.e., e = 0). We call this value Mp,...;

* the second way to obtain the mass is rescaling each old value according to the old
and new values of the stellar mass, following the relation:

Mp,
Mpjes = — o x Ms23, (5.1)
M old

* similarly to the mass, we rescale the planetary radius following:

Rpold
Rsoq

Rpres = X Rsnew (52)

* we compute the mean values with the errors for the new masses (both rescaled
and recomputed) and radii as shown in Fig. 5.2.

A diagram of the framework adopted, with all the different steps, can be seen in Fig. 5.1.

Starting from the new parameters computed, we recomputed the equilibrium tempera-
ture of the planet and the scale height of its atmosphere.

In Table 5.1 are shown the new values for the 5 stars sample, while in Table 5.2 the
recomputed parameters. The masses and the radii we obtained with our framework are
compared to the literature ones in Fig. 5.2, where it is possible to see how in some cases
the masses and radii we get are not comparable with most of the literature solutions.

It is interesting to note that, the parameters retrieved by our framework may not be in
agreement with the previous values in literature as this strongly depends on the new
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Table 5.1: New stellar parameters obtained within the collaboration according to Ma-
grini et al. (2022)

Star Msnew (M(D) Rsnew (RQ) Teff (K)
HD209458 0.96246 4 0.078 1.34883 £ 0.06 5665 £+ 118
WASP-69 0.81748 £0.06  0.8984 £ 0.035 4693 £ 150
HAT-P-14  1.58269 £ 0.055 1.55942 +0.042 7187 £ 82
HD189733 0.76 £0.04 0.853 £0.023 5003 £ 92
WASP-80 0.66 £ 0.06 0.53 £0.01 3955 4 100
Table 5.2: Results of our framework
Planet Aiprec (]\/[J) Mp'r'es (MJ) Rpres (R]) a (AU) Teq (K)
HD209458 b  0.62 £+ 0.03 0.624+0.04 1.588 +0.077 0.045+ 0.001 1500 + 50
WASP-69b  0.256 £0.022 0.2554+0.025 1.166 +0.074 0.045 £+ 0.001 1010.3 £ 39.8
HAT-P-14 b 2.49 £+ 0.08 247 +0.15 1.224+0.11 0.0632 £ 0.0007 1719.7 £ 31.9
HD189733b 1.096 +£0.051 1.094 £+ 0.063 1.30 £0.06  0.0303 £ 0.0005 1278.34 +31.2
WASP-80b  0.597 +£0.041 0.598 £0.055 0.89 4+ 0.04 0.036 4+ 0.001 732 £+ 31
HD209458 HD189733
B I W T, vt
WASP-69 WASP-80

Bonomo et al. 2017
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Figure 5.2: Masses and radii computed with our framework for each target. In blue the
mean rescaled values for both the mass and the radius, while in red the recomputed mass
value. We also show the literature values including only the filtered work as explained
in the test.
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stellar values obtained. Despite our way may be not relying on a direct measurement of
the planetary parameters but only on the stellar ones, it allow us to use all the solutions
already available in literature and combine them starting only from directly measured
quantities such as the stellar radius, Rs,;4, the radial velocity amplitude, K, the orbital
period, P, the orbit inclination, i, the planetary mass, Mp,;; and the planetary radius,
Rpoq. Our future objective is to expand our framework to encompass the entire Ariel
reference sample, thereby facilitating the derivation of a new catalogue of refined pa-
rameters that are essential for the ambitious objectives of the Ariel survey.

5.2 Comparison of HST pipelines

In the following Sections I will introduce the ongoing work I am leading with Lorenzo
Mugnai from the University of Cardiff on the comparison of the HST pipelines to extract
transmission spectra.

5.2.1 Introduction

Transit spectroscopy has emerged as a cornerstone technique for characterizing the
atmospheres of exoplanets, providing insights into their chemical composition, ther-
mal structure, and potential habitability (e.g., Charbonneau et al. 2002; Tinetti et al.
2007; Tsiaras et al. 2016; Swain et al. 2021; Mugnai et al. 2021). Over the past two
decades, HST and the Spitzer Space Telescope have facilitated high-quality observa-
tions for dozens of exoplanets, significantly advancing our understanding of planetary
atmospheres exploiting low-resolution transmission spectroscopy (e.g., Sing et al. 2016;
Tsiaras et al. 2018; Edwards et al. 2023; Estrela et al. 2021). However, extracting re-
liable spectra from raw data involves complex data reduction processes that depend on
specialized pipelines, each employing distinct approaches to address instrumental and
astrophysical systematics. These methodological differences can introduce substantial
biases, impacting the scientific conclusions drawn.

This has been highlighted recently by Mugnai et al. (2024) in a study where they investi-
gated systematic biases introduced by different pipelines to extract transmission spectra
from HST Wield Field Camera 3 (WFC3) G141 filter on catalogue-level comparisons.
This approach moves beyond single-planet analyses, leveraging extensive datasets to
statistically assess discrepancies between results generated by three pipelines commonly
used: Iraclis (Tsiaras et al. 2016), EXCALIBUR (Roudier et al. 2021), and CASCADE
(Carone et al. 2021). The strategy Mugnai et al. (2024) adopted included normalizing
all data to a uniform spectral resolution to facilitate cross-comparison, assessing statis-
tical properties such as variations in mean values, uncertainty estimates, and spectral
shape, and conducting uniform retrievals on the spectra to evaluate differences in de-
rived planetary properties, including atmospheric composition, temperature, and cloud
pressure.

Mugnai et al. (2024) work and results constitute the starting point of ours, moving from
their catalogue scale comparison to the individual target one, deepening the discrepan-
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cies found in the only target in their catalogue to be analysed successfully with all the
datasets considered. WASP-121 b (Delrez et al. 2016) was analysed across with all the
pipelines investigated, serving as a benchmark for pipeline performance. Notable differ-
ences in molecular abundances and temperature estimates were observed, underlining
the need for pipeline standardization. Among the exoplanets observed, WASP-121 b
stands out as one of the most intensively studied hot Jupiters. Located approximately
850 light-years from Earth, this exoplanet exhibits an equilibrium temperature of about
2300 K, making it an ideal target for detailed spectroscopic analysis due to its enhanced
height scale leading to a larger scattering area for the transmission spectroscopy and
hence to a larger S/N ratio. Observations of WASP-121 b have revealed a complex atmo-
spheric profile, including potential thermal inversions in its upper atmosphere and spec-
tral signatures of molecules such as H,O and TiO (e.g., Tsiaras et al. 2018; Changeat
et al. 2024; Ouyang et al. 2023, for only low-resolution results). These features make
WASP-121 b a compelling case for assessing the consistency and accuracy of various
pipelines in data reduction and interpretation.

In this work we plan to evaluate the impact of different pipelines in the extraction of
transmission spectra from HST WFC3 G141 filter on an individual visit of WASP-121
b. HST WFC3 performed three visits (ID: 14468 and ID: 15134 by Thomas Mikal-
Evans) of WASP-121 b with the last two collected being part of a phase-curves. We
decided to select the first visit (i.e., the one with only the primary transit of the planet)
as most of the pipelines used in this comparison have been developed to extract trans-
mission spectra during transit and not during whole phase-curves. Focusing on one visit
only is important in the case of WASP-121 b as Changeat et al. (2024) stressed the vari-
ability of the signal detected with the WFC3 for this target, with the two visits collected
as part of phase-curves being mostly affected by clouds and hence giving rise to flat
spectra which may be harder to compare.

In Section 5.2.2, we describe the pipelines used in this work and we illustrate the dif-
ferent methodologies employed to extract the different white and spectroscopic light-
curves. In Section 5.2.3, we report the results we obtained and their impact on atmo-
spheric retrievals in Section 5.2.4, while in Section 5.3 we discuss our results and we
give a short summary highlighting the main conclusions.

5.2.2 Methods

In their work Mugnai et al. (2024) deepened the comparison between the transmission
spectra of WASP-121 b extracted from HST WFC3 data in several studies:

* Tsiaras et al. (2018) employing Iraclis;

» Edwards et al. (2023) employing an updated version of Iraclis;
* Evans et al. (2016) employing a personal pipeline;

* Roudier et al. (2021) employing EXCALIBUR.

In addition they added their analysis employing CASCADE. It is extremely important to
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stress that all the analyses listed have been performed using the same stellar, planetary
and orbital parameters from Delrez et al. (2016), removing one of the possible causes of
inhomogeneities. Their results, displayed in Fig. 5.3, show that the comparison between
the studied employing Iraclis is biased by the different data’s availability with Tsiaras
et al. (2018) utilising a single transit observation from proposal ID: 14468 by Thomas
Mikal-Evans, while Edwards et al. (2023) incorporated two more transit observations
belonging to the phase-curves from proposal ID: 15134 (Mikal-Evans). The EXCAL-
IBUR spectrum is similar in shape with Edwards et al. (2023) but with a clear offset.
The same happens for the spectrum obtained by Tsiaras et al. (2018) with the one by
CASCADe, while Tsiaras et al. (2018) and Evans et al. (2016) have very similar spectra.
The discrepancies by the extracted spectra are clear in the different results obtained with
the retrievals using Tau Retrieval for Exoplanets (TauREx) (Al-Refaie et al. 2021).

The main reason for the different shapes is due to the visits analysed. Tsiaras et al.
(2018), Evans et al. (2016) and CASCADe analysed only the first visit while Edwards
et al. (2023) and EXCALIBUR analysed all the three visits. As pointed by Changeat
et al. (2024), the second and third visits collected (ID: 15134) are mostly affected by
clouds and hence flatten the spectra obtained employing all the three visits. On the
other hand, the observed offsets analysing the same datasets can be due to the different
pipelines employed.

To address this difference, our strategy relies on performing the comparison of the dif-
ferent pipelines analysing only the first visit (ID: 15134) as has been analysed by all
the pipelines investigated in Mugnai et al. (2024). Unfortunately, this rules out EX-
CALIBUR as only the results obtained using simultaneously all the visits are currently
available. Additionally we analysed the first visit data employing the publicly available
PACMAN pipeline (Zieba & Kreidberg 2022) and we repeated the analysis by Tsiaras
et al. (2018) and Edwards et al. (2023) using Iraclis.

In the next sections we are going to introduce a short summary of the different pipelines
used in this work to analyse HST WFC3 G141 data of WASP-121 (see Fig. 5.4 for a
comparison of the data reduction steps).

Description of the pipelines

Several pipelines has been developed to extract the transmission spectra of exoplanets
collected with HST WFC3

Iraclis (Tsiaras et al. 2016) The Iraclis pipeline performs several processes, start-
ing fram the .raw files, such as zero-read subtraction, reference pixel correction, non-
linearity correction, dark current subtraction, gain conversion, sky-background subtrac-
tion, calibration, flat-field correction, and the correction of bad pixels and cosmic rays.
Subsequently, the pipeline extracts the flux from spatially scanned spectroscopic images
to create the final transit light curves for each wavelength band. These light curves are
fitted using known literature values (e.g., Delrez et al. 2016, in our specific case), with
the only free parameters being the planet-to-star radius ratio and the transit mid-time,
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Figure 5.3: The corner plot delineates the retrieval results for all WASP-121 b spectra.
The colour coding remains consistent with the rest of the paper: blue represents the
Tsiaras et al. (2018) data, red signifies Edwards et al. (2023), orange denotes Excalibur,
and green symbolizes Cascade. Atop each panel column, the fitted values for each data
set are displayed: ‘ir’ corresponds to the Iraclis data set from Tsiaras et al. (2018), ‘ex’
to Excalibur, ‘ca’ to Cascade, and ‘ed’ to Edwards et al. (2023). The top right panel
illustrates the fitted transmission spectra derived from the parameters retrieved for each
data set, represented as solid lines. The corresponding filled areas indicate the 10 and
20 uncertainties. The observed data points, along with their uncertainties, are depicted
using the same colour scheme. The observed data points are connected with coloured
dotted lines, to help the reader. The black data points in the top right panel are from
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Table 5.3: Parameters from Delrez et al. (2016) used in all the analyses of WASP-121
b.

Parameter Value Reference

Stellar parameters

M, (M@)o 1.353105%0  Delrez et al. (2016)
Stellar radius, R, (Rp). ... 1.458+0.030  Delrez et al. (2016)
Effective temperature(K). . 6460+140 Delrez et al. (2016)
log g (logip(cms™2)) ..... 424275011 Delrez et al. (2016)
Metallicity, [Fe/H](dex) .. 0.13+0.09 Delrez et al. (2016)

Planetary parameters
Planetary mass, M;, (M) 1.183100%%,  Delrez et al. (2016)
Planetary radius, R, (Rj,,)  1.865£0.044  Delrez et al. (2016)
Orbital inclination, ¢ (deg) 87.6+0.6 Delrez et al. (2016)
Major semi-axis, a (au) ... 0.0254410-500%  Delrez et al. (2016)

alongside the coefficients for HST systematics. The limb-darkening coefficients are de-
rived from the quadratic formula by Claret (2000) based on the stellar parameters with
the models taken from Exotethys package (Morello et al. 2020). Finally, the spectral
light curves are fitted using the divide-white technique presented by Kreidberg et al.
(2014), with a normalization factor added for accounting for the slope.

CASCADe (Carone et al. 2021) CASCADe pipeline starts reading the ‘ima’ interme-
diate data products generated by the CALWFC3 data reduction pipeline. Then, using the
target acquisition image, the initial position of the target on the detector is determined,
and based on that the wavelength solution and spectral trace is calculated. After that,
the background is subtracted, the data are filtered using directional filters to determine
and flag bad-pixel creating a cleaned and smoothed dataset. After determining the rel-
ative movement (including rotation and scaling changes) of the telescope, the pipeline
corrects the wavelength for each time step. Finally the 1D spectra are extracted both in
an optimal way (using an extraction profile based on the cleaned and smoothed data) as
well as using an extraction aperture.

PACMAN (Zieba & Kreidberg 2022) Similarly to CASCADe, PACMAN starts its
path from the ‘ima’ intermediate data products. The pipelines creates a reference spec-
trum based on the throughput of the respective grism (G102 or G141) and a stellar model
with the possibility to use a stellar spectrum from MAST or a black body spectrum. This
template is used for the wavelength calibration of the WFC3 spectra. The position of
the star is determined in the direct images which are commonly taken at the start of
HST orbits to create an initial guess for the wavelength solution using the known dis-
persion of the grism. Using the reference spectrum as a template, the shift and scaling in
wavelength-space that minimizes the difference between the template and the first spec-
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trum in the visit are determined. The trace of the planet retrieved is used to optimally
extract the 1D spectra. Several methods can the be employed to fit the extracted white
and spectroscopic light curves, including models that account both for astrophysical and
systematic effects as described in Kreidberg et al. (2014).

Strategy

To evaluate the impact of the pipelines in the extracted spectra, we straightforwardly
employed PACMAN and Iraclis pipelines and we used the Iraclis analyses by Edwards
etal. (2023) and Tsiaras et al. (2018), and the CASCADe analysis performed in Mugnai
et al. (2024). Moreover we employed Evans et al. (2016) results as benchmark since
they have been conducted with an independent pipeline. These literature works have
been conducted with the same parameters from Delrez et al. (2016) and hence we ran
both Iraclis and PACMAN with the same parameters. For Iraclis we tried to use the
closest configuration as the ones used in the previous papers.

5.2.3 Lightcurves comparison

We computed for each pipeline the white and spectroscopic lightcurves. Both show a
similar shape but a clear offset between the curves obtained by different pipelines. We
will discuss and deepen the comparison in the next sections.

White Lightcurve

All the pipelines return the white lightcurve as output except for CASCADe that does
not use the Kreidberg et al. (2014) divide-white correction.

In Fig. 5.5, we show, in the top panel, the different white lightcurves with their fitted
models produced by each pipeline, while in the bottom panel are shown the residuals.
Starting from the latter, it can be seen that the lightcurves produced from Iraclis and their
models are coherent among them and show similar trend in the residuals. PACMAN data
and models are slightly above the Iraclis ones but the residuals are the same amplitude of
the other ones, despite showing different trends, probably due to the different treatment
of the systematics.

Transmission spectra

The spectroscopic lightcurves, or transmission spectra, reflect the results of the white
lightcurves. As can be seen in the top panel of Fig. 5.6 the PACMAN lightcurve shows a
positive offset respect to the Iraclis ones which are similar among them. The CASCADe
spectrum has a trend opposite to PACMAN showing a clear negative offset respect to
Iraclis spectra. The Iraclis spectra show a common behaviour with the one obtained
by Evans et al. (2016) and a comparison among them is discussed in the next sections.
In the bottom panel of Fig. 5.6 we can see the transmission spectra divided by their
median value. All the spectra show a similar shape with some features clearly visible.
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Figure 5.5: Comparison of the white light curves extracted employing different
pipelines. Top panel: data and fitted model. Bottom panel: residuals.

To quantitatively evaluate the differences between the spectra we adopted the metrics
introduced in Mugnai et al. (2024):

(SpA()‘) — gpA) _ (SpBO‘) - SpB)
max[o4(A),o5(N)]

MK1 45 = , (5.3)

and

Spa(A) = Sp(A)
max[oa(N),op(N)]

MK2, 5 = : (5.4)

where S, () denotes the values of the spectral bin, while o5(\) denotes the standard de-
viation within that bin. A and B are placeholders for the two pipelines being compared.
We used Evans et al. (2016) spectrum as benchmark to compare the other extracted with
the different pipelines. In Fig. 5.6 top right panel we used the MK1 metric to evaluate
the discrepancies without removing the median value, S, as done in the bottom right
panel where we used the MK2 metric. In both cases we report the comparison as his-
tograms with normal distributions fitted to them and the fit parameters reported in the
legends. We can see from the use of MK1 that the offsets from PACMAN and CAS-
CADe are clearly visible from their values of o while Iraclis based results are once again
comparable among them.
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Figure 5.7: Comparison of the transmission spectra extracted employing the Iraclis
pipelines. Top panel: transmission spectra extracted with the Iraclis pipeline by Tsiaras
et al. (2018), Edwards et al. (2023) and in this work. We use Evans et al. (2016) as
benchmark comparison. Bottom panel: Residuals among the three Iraclis spectra and
Evans et al. (2016).

Evolution of Iraclis pipeline

As discussed in the previous sections, the Iraclis pipeline results obtained by Tsiaras
et al. (2018), Edwards et al. (2023) and computed by us, are similar among them as can
be seen from the lightcurves and the metrics. We ran a deeper comparison between the
spectra obtained with Iraclis employing Evans et al. (2016) as benchmark, computing
the residuals between Iraclis results and Evans et al. (2016) ones. As shown in Fig. 5.7,
the results obtained by Tsiaras et al. (2018), Edwards et al. (2023) and our analysis, are
comparable among them for each spectral bin.

Therefore, we can consider Iraclis pipelines self-consistent with itself across several
years of development.

5.2.4 Impact on atmospheric retrievals with TauREx

The atmosphere of WASP-121 has proven to be one of the most studied in the past
years: several studied reported the detection of H,O, CO, VO, TiO (Tsiaras et al. 2018;
Changeat & Edwards 2021).

We employed TauREx (Al-Refaie et al. 2021) to evaluate the impact of the discrepan-
cies noted in the previous sections to the atmospheric retrievals. At the moment we only
used the same recipe described in Mugnai et al. (2024), with free chemistry and fitting
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only for H,O, CHy,

, T.q and clouds pressure.

Ry

We show the results in Fig. 5.8, Fig. 5.9 and in Table 5.4. We note that the H,O and
CH, abundances, and the clouds pressure are all comparable among them. The radius
retrieved with PACMAN reflects its offset in the transmission spectrum with a larger
radius obtained respect to the other. The parameter that seems mostly affected by the
different pipelines is the temperature showing a correlation with the radius.

Table 5.4: Parameters values retrieved from the cornerplots.

Pipeline Ry[Rs]  TIK]  log(Hy0) log(CHy) log(Priouas)
Tsiaras et al. (2018)  1.66° 1287.11755%3%  3.2970%5  7.10753 2757057
CASCADe 1.66 1279.10700%  3.16%04;  7.20%130  2.7870%
Edwards etal. (2023) 1661000 1311.27+20135 3914009 7067120 2.82+0%
PACMAN LSTAN 12017670 353TN TasTiE 2.6470n
Evansetal. (2016)  1.667005 1362.1277023) 3.337000  6.957137 2597000
Iracls LO6TN 1277620 B34 03t 2545
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Figure 5.9: Corner plot of the retrievals with TauREx employing the free chemistry and
the same strategy of Mugnai et al. (2024) for all the pipelines investigated and for the
benchmark Evans et al. (2016). We use ’ts’ for Tsiaras et al. (2018), 'ca’ for CASCADe,
‘ed’ for Edwards et al. (2023), ’pa’ for PACMAN, ’ev’ for Evans et al. (2016) and ’ir’
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This initial test proved the need of running more complex retrievals including other
molecules and to investigate the impact on the equilibrium chemistry.

5.3 Conclusions

As the era of the James Webb Space Telescope (JWST) and the Ariel space mission
approaches, the challenges posed by the possibility of pipeline-dependent biases oper-
ating on an entire observational catalogue must be taken seriously and understood. The
advent of these next-generation telescopes promises unprecedented data quality, allow-
ing researchers to delve into more intricate questions about exoplanets. However, the
very richness of this data also amplifies the potential pitfalls of pipeline discrepancies.
While this study highlights issues observed with HST-WFC3 data, the implications
extend far beyond. In the JWST and Ariel era, where the focus will be on planetary
population studies and comparative planetology, ensuring consistency and reliability
across pipelines is paramount. Addressing these discrepancies is not just about refining
our current understanding of exoplanets but is crucial for harnessing the full potential of
upcoming observational capabilities. Only by resolving the challenge posed by pipeline-
dependent results can we truly capitalize on the advanced data, asking deeper questions
and drawing more precise conclusions about the Universe’s myriad exoplanets.

Our preliminary results on Ultra Hot Jupiter (UHJ) WASP-121 b seems to hint that
discrepancies in the extracted transmission spectra do not have a large impact on the
retrievals. While this holds true for free chemistry with few molecules, we still need to:

* investigate more complex scenario including more molecules and equilibrium
chemistry;

* try to address the origin of the differences evaluating the different steps in the
analysis;

» Explore the effects on other types of planets and with data of varying SNR.
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Summary and conclusions

In this thesis, I have introduced and discussed several works focused on the investi-
gation of exoplanetary atmospheres trough transmission spectroscopy, paying special
attention to the methodology and other phenomena that could influence the atmospheric
detections. This chapter summarises the main results and conclusions of this work.

The exoplanetary atmospheres analysed to date display remarkable variation in their
chemical makeup, temperature-pressure dynamics, and cloud and haze distribution. Fu-
ture observations, utilizing both terrestrial and space-based instruments, will further
illuminate this complexity, offering promising advancements in the study of exoplan-
etary atmospheres. The James Webb Space Telescope (JWST) has recently begun
making significant contributions in this domain, and by the early next decade, Atmo-
spheric Remote sensing Infrared Exoplanet Large Survey (Ariel) is expected to fa-
cilitate atmospheric analysis of approximately 1000 exoplanets, including those as large
as Jupiters and Neptunes down to super-Earth sizes. Furthermore, large ground-based
observatories like the ELT will pave the way for new research opportunities, includ-
ing the potential to detect biosignatures in the atmospheres of rocky exoplanets located
within the habitable zone.

6.1 Chapters resume

Within this context, in this work I focused on the atmospheric characterization of ex-
trasolar planets through transmission spectroscopy observations, working primary with
High-Resolution Spectroscopy. I introduced the new framework to extract single line
transmission spectra of the exoplanetary atmospheres I developed for high resolution
observations. This method has been applied to several chapters in the thesis.

More precisely:

* In Chapter 2 I introduced the method I developed for the extraction and analy-
sis of transmission spectra from high resolution spectroscopy data collected with
High Accuracy Radial velocity Planet Searcher for the Northern emisphere
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(HARPS-N) spectrograph. This method has been originally developed for the Ul-
tra Hot Jupiter (UHJ) KELT-9 b, the hottest exoplanet known, orbiting around
an AQ type star, making it the perfect target for transmission spectroscopy. The
framework was first shown in D’ Arpa et al. (2024b), where I analysed six transit
observations of the ultra-hot Jupiter KELT-9 b taken with the HARPS-N spectro-
graph mounted at the Telescopio Nazionale Galileo (TNG). Using the single line
analysis method, [ examined a range of metal lines across various atomic species,
from the lightest elements like hydrogen to the heavier ones like iron. By using
data from six nights of observations, the atmospheric signal strength was signifi-
cant, allowing me to identify 70 distinct lines from seven species: Na 1, Cal, Call,
Fe1, Fe 11, Mg 1, Ti 11, Sc 11, and Cr 11. This is the highest number of lines detected
using this technique compared to any previous studies. This method enabled us
to validate prior detections and make new discoveries, including the identifica-
tion of He and H( , which had previously been considered tentative. Notably,
H( showed greater depth than anticipated, potentially affected by normalization
issues due to low signal-to-noise in the blue range covered by HARPS-N. The
first-time detection of Cr 11 and Sc 11 single lines in an exoplanet’s atmosphere
was achieved, in addition to many new lines from already known species. How-
ever, He, Li, Be, K, Sr, Y, Ni, Ba, and Mn single lines were not observed. In
this study, single line analysis proved to be an effective method for validating
and supporting findings from cross-correlation techniques while offering crucial
insights into line width and depth. This, in turn, provided information about at-
mospheric turbulence and stratification, as well as the atmospheric chemical and
physical structure. By comparing our absorption lines with Non Local Thermal
Equilibrium (NLTE) models, we confirmed detected features and identified re-
gions where line blending might occur. The extensive number of detected lines
helped to confirm the presence of winds and enhanced our understanding of the
atmospheric stratification of KELT-9 b.

In the same chapter I discussed the use of NLTE models to constrain the abun-
dances of atomic species such as Mg, Fe and O in the atmosphere of KELT-9 b.
Our preliminary results from Fossati, D’Arpa and Borsa, in prep. return a sub-
solar abundance of Mg, a solar/super-solar abundance of Fe and a solar/sub-solar
abundance of O. In future this will be the basis for the future constraining of C/O
ratio to evaluate the formation history of the target.

I also introduced several other works carried on within the Global Architecture
of Planetary System (GAPS) collaboration for the study of KELT-9 b, including
Stangret et al. (2024) and Sicilia et al. (2025). In these two works, KELT-9 b has
been analysed in single line employing different frameworks. The results proved
my method and the other ones to be consistent among them with the detection of
Fe and Na in the two works, respectively.

In Chapter 3 I introduced the application of the method to several other targets,
considering both targets similar to KELT-9 b and targets with different conditions.
We validated the framework on another target similar to KELT-9 b, KELT-20 b,
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and we tested it on other more complex targets, KELT-6 b, WASP-69 b, GJ-3470
b and WASP-107 b. The results for KELT-20 b align well with findings from
other studies that utilize high-resolution spectroscopy for exoplanet atmospheric
characterization like Casasayas-Barris et al. (2017), corroborating the method de-
veloped for KELT-9 b. For the other targets we found the detection of Na in
WASP-69 b and the possible detection of Hy in KELT-6 b, with WASP-107 b and
GJ-3470 b not showing any single line feature. Despite the non detection of Hov ,
Na and Ca in their atmospheres, the work done for WASP-107 b and GJ-3470 b,
have been used as starting point of the analysis I carried on in the visible part of
the spectrum in Guilluy et al. (2024) discussed in Section 4.1.

After the validation of the method, I introduced its application to two other targets:
TOI-1518 b and WASP-94A b. In the ongoing work that I am leading on the
analysis of the UHJ TOI-1518 b with HARPS-N and GIANO-B data, we focused
on both the single line analysis, detecting Ho and Na D2 lines, and the cross-
correlation with templates, detecting Ca 11, Ti 11, Fe 1, Fe 11, Ba 11, Mg 1, Cr 11 and
Sc 11, and tentatively detecting Al 11, Mg 1, VI, V 11, Y 11, K T and W 1 with several
sets of templates. We also started developing a method to combine the individual
lines of the non detected species obtaining a preliminary detection of an average
line for Fe 11 and Ti 11. Once this method will be corroborated, we will be able to
retrieve important information on these species, including their average height in
the atmosphere and their average rotational profile.

I then extended the method, originally developed for analysing HARPS-N data to
the data of two transits of WASP-94A b collected with Echelle SPectrograph for
Rocky Exoplanets and Stable Spectroscopic Observations (ESPRESSO). The
two instruments share similar pipelines to reduce the data and hence adapting the
framework did not present particular challenges. Our preliminary results in single
line adds H 1, Mg I to the already detected Na I in the atmosphere for WASP-
94A b. However, the non detections with the cross-correlation with templates and
the overlapping Rossiter-McLaughlin Effect (RME) suggest a deeper investiga-
tion on the origin of our signal, including masking the region of the tomography
affected by the RME.

* In Chapter 4 I showed the application of single line analysis to extract and use the
Ha line as a diagnostic for two mechanisms regarding the star-planet interaction:
the stellar activity and the photo-evaporation.

We investigated the role of the Ha as a stellar activity indicator in Guilluy, D’ Arpa,
et al. (2024), where I led the analysis of the visible data. In this work, we em-
ployed the GIARPS mode of the TNG, focusing on GIANO-B observations to
look for He 1in the upper atmosphere of five planets hosted by the K and M dwarf
stars, WASP-69 b, WASP-107 b, HAT-P-11 b, GJ 436 b, and GJ 3470 b. We mea-
sured a contrast ¢ of the excess absorption of 3.9140.22% (17.60), 8.17550%
(10.50), and 1.3640.17% (8.00) for WASP-69 b, WASP-107 b, and HAT-P-11
b, respectively, confirming the literature detections. Our study of WASP-69 b
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revealed nightly variations in helium absorption levels, with the initial transit
showing a greater absorption than subsequent ones. We examined the Ha line
in HARPS-N spectra and found it behaved inversely compared to He1data on
UT 2019-07-29. This difference was attributed to stellar activity, prompting us to
consider its possible causes.

For GJ 3470 b, we observed He I in its outer atmosphere at a level of 1.757030%
(4.70), though this varied slightly depending on the selected nights for analy-
sis. Analysing the Ha line indicated hydrogen absorption during the same transit
event. Our ATES simulations could not match the observed absorption depth and
profile, suggesting stellar activity as the most likely source of this feature. Ad-
ditional research with advanced radiative transfer models is necessary to support
this theory.

Consistent with earlier findings (Nortmann et al. 2018), we found no excess
He 1 absorption in GJ 436 b (our results indicate no significant absorption).

We examined the involvement of Ha and He 1 triplet as markers for photo-evaporation,
as outlined in D’ Arpa et al. (2024a). This study presented a nIR+optical high-
resolution transmission spectroscopy analysis on planet TOI-5398 b, which shares
similarities with Saturn. The data, originating from an observation on March 25,
2023, with the GIARPS mode at the TNG, was also previously utilized by Manto-
van et al. (2024b) to define orbital parameters and appraise the system’s evolution-
ary trajectory. Using the GIANO-B spectrograph, we identified the He I triplet,
while Ha and the Na 1 doublet were detected using HARPS-N through single-line
analysis. Per the ExoAtmospheres database!, this scenario is one of the sparse in-
stances of concurrent detections of He I, Ha , and Na 1 doublet in an exoplanet’s
atmosphere. Cross-correlation with templates did not yield detections, likely in-
hibited by overlapping RME, the planet’s low temperature, and limited data.
The extraction challenge is compounded by observing only one transit, making
it tricky to detect atmospheric signals in smaller planets. Following the analysis
in Guilluy et al. (2024), examining individual lines over different nights is essen-
tial to rule out potential contamination from stellar activity, necessitating further
transits to substantiate our findings. Although we associate the detected signal
with planet b, based on the system’s evolutionary model and ATES simulations,
future observations of both planets are crucial to definitively ascertain the signal
sources. Extended baseline observations would be beneficial in investigating a
possible cometary tail alongside 3D hydrodynamical simulations, as undertaken
in Matsakos et al. (2015) and Colombo et al. (2024).

* Finally, in Chapter 5, I moved from high- to low-resolution spectroscopy, focusing
on the role of parameter selection and on the impact of the pipelines adopted to
analyse Hubble Space Telescope (HST) Wield Field Camera 3 (WFC3) data.

I first introduced the work I’m carrying within the Italian Ariel collaboration to
develop a framework to adopt an homogenous set of stellar and planetary atmo-

'"https://research.iac.es/proyecto/exoatmospheres/index.php
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spheres. Right now, the framework has been tested on a restricted sample of
five targets belonging to the Italian Dry Run, HD209458, WASP-69, HAT-P-14,
HD189733, and WASP-80 but in future we aim to extend it to other targets, to
build an homogenous database.

Then I introduced the ongoing work that I am leading along with Lorenzo Mugnai,
on the comparison of the pipelines to extract HST WFC3 transmission spectra.
We employed several available pipelines to analyse the data of the UHJ WASP-
121 b evaluating both the discrepancies on the white light curves and on the trans-
mission spectra. We also evaluated the impact of the differences in the spectro-
scopic light curves on the atmospheric retrievals. Our preliminary results seem to
hint that discrepancies in the extracted transmission spectra do not have a large im-
pact on the retrievals. While this holds true for free chemistry with few molecules,
we still need to investigate more complex scenario including more molecules and
equilibrium chemistry and trying to address the origin of the differences evaluat-
ing the different steps in the analysis. Once the framework will be corroborated,
we will apply it to other targets and scenarios.

6.2 Impact of the thesis and future developments

Overall in this thesis I introduce my works with transmission spectroscopy, employing
both high- and low-resolution data.

6.2.1 High-Resolution Spectroscopy

For the High-Resolution Spectroscopy side, I mainly focused on the development and
application of a framework to extract and analyse transmission spectra around narrow
regions of the spectrum, the so called single line analysis.

The framework I developed proved to be reliable, especially in D’ Arpa et al. (2024b)
where the results obtained with KELT-9 b are generally on agreement with the previous
obtained in literature. The detection of 70 lines is a record in one single work, with the
first ever detection of He and H( along with Cr 11 and Sc 11 single lines and a detailed
analysis of the stratification and rotational properties of the atmosphere. Moreover the
study proved to be powerful when comparison with models is needed as shown for
the NLTE ones. Simultaneously, in D’ Arpa et al. (2024a) and Guilluy, D’ Arpa, et al.
(2024), I extended the original application of the method to the specific case of the study
of the Ha and He 1 lines as a probe for stellar activity and photo-evaporation. This joint
use of the two lines proved to be a valid framework to discriminate the spurious signal
due to stellar activity from the signal arising from the exoplanetary atmosphere.

Most of the work introduced regarding high-resolution spectroscopy have been carried
on within the Italian GAPS collaboration, where I have been recently appointed as co-
responsible of the Working Group on the analysis of the visible species with HARPS-N.
Within this context, my aim is to conclude the ongoing works as author and co-author.
In particular, I have already introduced: the work on TOI-1518 b with the detection of
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several species via single line analysis and cross-correlation and with the development
of the promising multiple line analysis; and the constraining of C/O ratio employing the
single line analysis that would establish a first time ever of constraining the C/O ratio
without employing models and would allow to reconstruct the formation history of the
hottest planet known. KELT-9 b and KELT-20 b represent also a unique opportunity
for the study of the Paschen series lines in the nIR with GIANO-B thanks to their large
temperature, allowing us to extend the framework originally developed for the Balmer
series to their nIR counterparts.

In this thesis I analysed high-resolution data of 11 planets including some of the most
studied in the field such as KELT-9 b and WASP-69 b. While linking all the results
among them may be non trivial, it is still possible to draw some conclusions regarding
the species detected, the way they have been detected and the planetary and stellar prop-
erties of the systems investigated. In Fig. 6.1 I show the targets investigated highlighting
their atmospheric scale height as a function of the planetary equilibrium temperature and
of the stellar temperature considering the detections of Ha , He T and metal lines. It is
clear the opposite behaviour of Ha (and metals) and He 1 with the first one being de-
tected only in hotter planets orbiting around hotter stars, while the latter being detected
only on colder planets around colder stars. The only exception is TOI-5398 b which is
the only target with the joint detection of Ha , He T and metal lines. The nature of the
detection of Ha and He1is strongly connected to the stellar irradiation, especially the
XUV flux, as deeply discussed in the previous chapters and needs to be further inves-
tigated in the next years. However, as already discussed, the peculiarity of TOI-5398 b
arises from its age of ~ 650 Myr showing that the age of the systems plays a key role in
the detection of certain species. It is important to stress that, while the analyses in this
thesis have been carried employing homogenous methods, Fig. 6.1 do not take into ac-
count key factors such as the stellar activity, the observative conditions, the instrumental
limitations and other possible factors affecting the results, and hence it represents only
a limited comparison.

However, the variegate sample of planets with a large amount of data collected by the
GAPS collaboration would represent in the near future an occasion to test the frame-
work I developed for the single line analysis on a catalogue level to address the points
raised from the analyses introduced in this thesis. Particularly, a deep study to under-
stand why we are able or not to detect a certain species in the atmosphere of a planet
as a function of the stellar and planetary parameters. This would help us identifying
the future steps to take to better understand the physics of transmission spectroscopy
applied to the exoplanetary atmospheres.

However, before proceeding with the ambitious project of a survey level study, a refine-
ment of the code and a better synergy with the cross-correlation technique and, hope-
fully, the multiple line analysis-hopefully is required. Along with this as already dis-
cussed for WASP-94A b, my framework can also be extended to other high-resolution
data to study targets visible from the Southern Hemisphere such as the ones that will be
observed by the upcoming PLATO mission, exploiting European Southern Observa-
tory (ESO) instruments such as HARPS and ESPRESSO.
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Figure 6.1: Ha , He 1and metal lines detection and non detection in the atmospheres of
the planets analysed in this thesis with High-Resolution data as a function of the stellar
and planetary temperatures. The size of the circles is proportional to the scale height of

each target.
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6.2.2 Low-Resolution Spectroscopy

For the Low-Resolution side, I introduced a new framework to create an homogenous
set of planetary and stellar parameters for five targets blowing to the Italian Ariel dry
run. While, at the moment limited to a specific initiative, the ongoing work on the selec-
tion of an homogenous set of planetary and stellar parameters arise from the increasing
numbers of solutions for each target that may be find in literature with the NASA Ex-
oplanet Archive and the Exoplanet.eu’ websites representing only part of the several
catalogues available online. With the catalogue level analyses, as discussed for the
High-Resolution side, becoming an hot topic in the recent and future years, the problem
of an homogenous statistically created catalogue has to be faced now. Once the frame-
work will be further developed, I will apply it to homogenous stellar analysis already
presented in literature or in preparation to help creating a robust database to be used in
the future works, especially related to the Ariel mission when we will have to deal with
almost 1000 exoplanetary atmospheres to analyse.

The work in preparation on the comparison of several HST WFC3 pipelines lays within
the same context of the parameters selection, underlying the necessity of further homo-
geneity in the analysis. The preliminary results for one visit of the UHJ WASP-121
b represents only the first step of an ambitious project of comparison on a catalogue
level, once the method developed for WASP-121 b will be finally published. Important
results from this work will help us focusing on the key steps of the data extraction and
reduction to improve before the Ariel mission will be launched.

6.2.3 On the synergy between High- and Low-Resolution Spectroscopy

While in this thesis the High- and Low-Resolution spectroscopy have been considered
as two separate techniques, within the Ariel Italian Dry Run we are working on the
possibility to combine GIANO-B high resolution data with HST low-resolution ones.
Four out of five targets selected have been observed and analysed with GIANO-B and
HST although with different analyses and parameters used. In our project we aim to
re-analyse the available data employing the homogenous set of parameters the we re-
trieved with the framework I developed. For the HST data we will follow the same
approach described for WASP-121 b employing different pipelines. Once all the high-
and low-resolution spectra will have been extracted, we will use both Tau Retrieval
for Exoplanets (TauREx) and GUIBRUSH (Giacobbe et al. in preparation) to perform
a joint retrievals analysis. If the joint use of the High- and Low-Resolution data will
prove powerful, it will possible to start planning future on-ground based observative
campaigns simultaneous to the Ariel mission.

Despite the general interest in the exoplanetary field is related to the discovery and
characterisation of Earth-like planets, with the clear goal to find life in other worlds,
nowadays investigation of exoplanetary atmospheres is mainly limited to hot and large
planets. While this is mainly due to the instrumental limitation of our time, the new

https://exoplanet.eu/home/
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generation of instruments will shift the interest to smaller and colder Earth-like planets
in just few years. Therefore, it is necessary for us to address the several challenges
arising from relatively easy targets, such as UHJ orbiting around low-active stars, to
develop strong and corroborated frameworks to be ready for the exciting times that are
waiting for us.
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