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Abstract

The mass of an exoplanet is a key parameter for the characterisation of the inter-
nal structure of a planet, as well as the study of the formation and the evolution of
the planet, and of its atmosphere. The radial velocity technique allows measuring
the planetary mass from the radial velocity variation of its parent star. However,
limitations in the property determination of exoplanets, particularly in their masses,
can arise from various sources especially from astrophysical noise due to stellar
variability, caused by magnetic activity, which affects the detection and characteri-

sation of exoplanets.

This PhD thesis aims to understand the impact of our knowledge of the planetary
mass in the planetary atmospheric characterisation and to reduce the sources of
uncertainty by a deep study of the stellar activity and by developing new techniques

for stellar variability filtering.

To this end, I analysed the impact of the planetary mass uncertainties of atmo-
spheric retrievals of multiple targets from the mission reference sample of Ariel,
the forthcoming ESA M4 mission aimed at studying planetary atmospheres. I sim-
ulated different spectra as observed by Ariel, assuming a primordial or secondary
atmosphere of hot Jupiters, and sub-Neptunes or super-Earths, respectively, under
different cloudy configurations. I estimated both the accuracy and precision nec-
essary for each analysed target, testing also the capability of retrieval in the case
of incorrect mass estimation. I verified that one of the most crucial issues is the
presence of high-altitude clouds, in particular in the secondary atmosphere cases.
For this reason, I tested the capability to retrieve the cloudy configuration or the
presence of a secondary atmosphere during the first tier of the Ariel mission, to
take an informed decision if including the planet in the Tier-2 sample. In the second
part of this thesis, I described SpotCCF, a photospheric stellar model that I devel-
oped to optimise the radial velocity extraction in fast-rotating stars. This model,
based on the cross-correlation function technique, takes into account the contribu-
tion of stellar activity by considering the presence of multiple spots on the stellar
surface that caused deformation of the profile of the cross-correlation function. I
applied this model to the HARPS-N observations of V1298 Tau, a very active K1
star, which shows strongly deformed cross correlation function (CCF) profiles. The
SpotCCF model is also able to give information about the spot configuration (lati-

tude, longitude and area covered by the spot). In the end, I also focused my study
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on understanding stellar activity in M dwarfs, which is crucial for improving our
understanding of the physics of stellar atmospheres and for planet search programs.
Specifically, I analysed HARPS and HARPS-N observation of AD Leonis, measur-
ing the line profiles and intensities of sensitive activity indicators, and evaluating
the correlations between them.

Globally, the PhD thesis highlights the importance of planetary mass character-
isation and the complexity of their determination due to the effects of stellar vari-
ability. In the context of the Ariel mission, it highlights the importance of a detailed
and individual analysis of each target of the mission reference sample, to be able to
accurately select the Tier-2 targets and characterise their planetary atmosphere, and
represents a step forward towards the preparation of the ESA M4 Ariel mission. It
also shows how this work cannot be disentangled from a detailed study of the stel-
lar variability that is crucial in the determination of the planetary mass, both in its

accuracy and precision.
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CHAPTER 1

Introduction

The discovery of new other worlds and the possibility of life on other planets are
among the main subjects within astrophysical science that excite the public and the
entire science community.

The Solar System planets have been a favoured target for backyard astronomers
for centuries.

Since 2006, the International Astronomical Union (IAU) has defined a planet (in

the Solar System) as being a celestial body that fulfils the following requirements:

e it orbits around the Sun;

e it has sufficient mass for its self-gravity to overcome rigid body forces and to

assume a hydrostatic equilibrium (a spherical shape);

e it has "cleared the neighbourhood" around its orbit.

There are eight bodies in the Solar System that meet the above requirements
and can therefore be classified as planets: Mercury, Venus, Mars, Jupiter, Saturn,
Uranus, Neptune and of course Earth. A non-satellite body that fulfils the first two
requirements of the TAU definition of the planet, is classified as a dwarf planet.

For centuries, astronomers studied the planet formation by observing celestial
bodies within our own Solar System. However, the first discoveries of exoplan-
ets (Wolszczan and Frail, 1992; Mayor and Queloz, 1995) revealed that our Solar
System is not unique in its abundance of planets, and opened up a new way to un-
derstand the planetary formation and evolution. Since then, astronomers have been
focused on discovering new exoplanets and improving their detection techniques.

Exoplanets have been found orbiting around different types of stars and in differ-
ent regions of the galaxy. They exhibit diverse characteristics in comparison to our
own planets. To date, a variety of exoplanets has been discovered, with wide ranges
of masses, radii, densities and compositions, also considering the intrinsic degener-
acy between these parameters (i.e. multiple combinations of mass and radius may
lead to the same density, which could also be explained by different chemical com-

positions).
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Characterising exoplanets by estimating their masses, radii, temperature, and at-
mospheric composition provide information about their formation and evolution, as
the diversity of these planets suggests different pathways to their formation. How-
ever, the large number of detected exoplanets has only recently enabled meaningful
statistical analyses and searches for structures in the planetary parameter space. The
main goal is to determine the frequency of exoplanets and the distribution of their
parameters relevant to our understanding of planet formation, but this task is chal-
lenging as each detection method has its own biases, sensitivities, and limitations in
measuring planet properties. To increase our sensitivity to detect and characterise
exoplanets, different techniques are being developed.

Additionally, the accuracy and precision of our estimations depend on the prop-
erties of the host stars, which are often young and characterised by strong magnetic
activity that can limit our detection capabilities. Determining the properties of host
stars, such as their mass, can also be expensive but is a crucial parameter for the
planetary systems they host. Therefore, a multi-approach study in the exoplanetary
field, which includes the study of host stars and the stellar activity in addition to the
detection and characterisation of planets, is necessary.

To date, there is no formally accepted definition of exoplanets. In August 2018,
the IAU Commision F2: Exoplanets and the Solar System adopted a working defini-
tion of an exoplanet. The current official working definition is as follows (Lecavelier
des Etangs and Lissauer, 2022):

e objects with true masses below the limiting mass for thermonuclear fusion of
deuterium (currently calculated to be 13 Jupiter masses for objects of solar
metallicity - Spiegel et al. (2011)) that orbit stars, brown dwarfs or stellar

remnants and that have a mass ratio with the central object below the L4/L5'

2
——— = — | are “planets” (no matter how
25+ V621) 25 )

they formed). The minimum mass/size required for an extrasolar object to be

ll’lstabllll‘y (M/Mcem‘ral <

considered a planet should be the same as that used in our Solar System >.

e Substellar objects with true masses above the limiting mass for thermonuclear
fusion of deuterium are “brown dwarfs”, no matter how they formed nor

where they are located.

o Free-floating objects in young star clusters with masses below the limiting
mass for thermonuclear fusion of deuterium are not “planets”, but are “sub-

brown dwarfs” (or whatever name is most appropriate).

Lagrangian points
2defined in the second criterion of the definition of a planet in the Solar System
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1.1 A BRIEF HISTORY OF THE SEARCH FOR EXOPLANETS

The first exoplanet was discovered in the early 1990s by Wolszczan and Frail (1992)
who detected periodic variations in the arrival time of emitted beams from pulsar
PSR B1257+12. Three years later, Mayor and Queloz (1995) made the first radial
velocity planetary detection (see radial velocity technique in Section 1.2.2) discov-
ering 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
and Butler, 1996; Butler and Marcy, 1996; Butler et al., 1997). These discoveries
led to new theories about the possible migration of giant planets from the outer re-
gions where they are thought to be formed (Ward, 1997; Bryden et al., 1999; Nelson
et al., 2000).

The initial planetary systems discovered using the radial velocity technique con-
sisted of a single hot Jupiter and its host star, as they were easier to detect. Butler
et al. (1997) and then Butler et al. (1999) found the first evidence of an exoplanetary
system, around v Andromedae, containing multiple planets.

In 2000, Mazeh et al. (2000) showed, through a radial velocity analysis of HD
209458, that the plane of the hot Jupiter orbit was very near edge-on, implying that
the planet may appear to cross the star disc at some point during its orbit. The first
planetary transit (see Section 1.2.1 for more information about this technique) 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 conjunc-
tion in its radial velocity orbit. Since 1999, several ground-based transit searches
have been conducted, but, the most significant discoveries of transiting planets have
been done from space-based observations, such as the COnvection ROtation and
planetary Transits (CoRoT) satellite (Baglin et al., 2007), which discovered 24 tran-
siting planets during its mission from 2007 to 2012, and the NASA’s Kepler satellite
(Koch et al., 2007), which discovered 151 confirmed planets and potentially thou-
sands more yet to be confirmed® from 2009 to 2013, during its main mission and
many more during the K2 phase.

Alongside transiting and radial velocity searches, there have been many attempts
to directly image exoplanet systems using both space and ground-based equipment.
The sub-stellar object 2M1207b and its brown dwarf companion were observed by
Chauvin et al. (2005), and the first image was produced using the NACO adap-

3 An exoplanets candidate is a likely planet discovered by a telescope but has not yet been proven
to actually exist. A planet is considered "confirmed" once it is verified through additional observa-
tions with different techniques.
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tive optics near-infrared instrument of the European Southern Observatory (ESO)’s
Very Large Telescope (VLT). The microlensing technique has also produced sev-
eral exoplanet detections, the first discovered by Bond et al. (2004). This method
relies on the planet passing in front of a background star light and causing a distinct
brightness increase.

A more detailed description of the main exoplanetary detection methods is pro-

vided in the following section.

1.2 EXOPLANET DETECTION AND CHARACTERISATION METHODS

Exoplanets can be detected through multiple methods, each with its own advan-
tages and disadvantages. To date*, 5272 exoplanets have been discovered, primar-
ily through the radial velocity (1027) and transit (3945) methods. The cumulative
distribution of exoplanets detected over time by each method is shown in Figure

1.1.

Cumulative Detections Per Year
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FiGure 1.1: Detected exoplanets over the years colour coded by detection methods. Image credit:
NASA Exoplanet Archive.

Exoplanets are found around stars of different ages, masses, metallicities, and
regions of the galaxy, allowing us to understand the formation of planets on a larger
scale. Although great leaps in knowledge have been made as to the diversity and
architecture of planetary systems, the connection between the formation process
and environment and the observed planetary systems remains a mystery.

In the context of understanding the exoplanet structure and the formation pro-
cesses that lead to the present-day architecture of host star systems, the most im-

portant methods of detection are those that allow us also to determine precisely and

4As of February 24, 2023 - NASA Exoplanet Archive
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accurately the exoplanets fundamental properties, such as mass and radius, in order
to perform further analysis. Relevant properties for this study include planet mass,
radius, orbital distance and period, and host star properties that shape the architec-

ture of a planetary system.

1.2.1 TRANSIT DETECTION AND RADIUS DETERMINATION

With 3945 confirmed exoplanet®, the transit method has been the most prolific de-
tection technique. This method detects the slight change in flux of a host star as
a planet passes in front of it. If the orbital plane of a planetary system is nearly
edge on (i = 90 degrees, having defined the inclination i as the angle formed by
the line of sight and the perpendicular to the orbital plane) relative to the observer,

the planets will periodically transit its parent star. The geometry is illustrated in

Figurel.2.
-— - /R* — —
Ce e _prR* - ="’
— e o - . o ) g . - o - - - -—
5 g .NR" 2R
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«—— Transit duration —>:
ty b ts 4 Time

Ficure 1.2: Illustration of the transit method for detection exoplanets. If the orbital plane of a
system appears nearly edge-on, planet will cross the disk of the star.

The observable for transit surveys is the stellar flux variation over time. When a
planet transits, it causes a decrease in the stellar flux due to the planet blocking some
of the light. For some planets, an "eclipse" can also be observed when the planet
passes behind the star. This is because the planet also contributes a small amount of
the unresolved total light (combining star and planet) that is maximum just before
and after the eclipse. The planet signal can come from either the reflection of the
stellar light in the visible wavelengths or the planet thermal emission in the infrared.

Both transits and eclipses (as shown in Figure 1.3) have measurable effects on the
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total observed flux and can provide information regarding the planet atmospheric

properties.
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Ficure 1.3: Top panel: Diagram of a planet orbiting its star. Middle panel: Phase curve observation
of HAT-P-7 b by the Kepler space telescope. Bottom panel: Expanded view. Adapted from Borucki
et al. (2009).

To a first approximation, the transit depth ¢, which is the fraction of stellar flux
blocked by the planet, is given by the ratio of the projected planetary and stellar

areas:

5= Ko Fin (&)2 (1.1)
Fou R.

where F,,, and F, are the fluxes outside and during the transit, and R, and R, are
the planetary and stellar radii. This expression assumes uniform brightness on the
stellar surface (i.e. neglects limb darkening and all phenomena connected to the
stellar activity), a full overlap of the planet and star, and the perfect opacity of the
planet.

From Equation 1.1, by measuring the flux variation during a transit, knowing the
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stellar radius, we can estimate the planetary radius. When observing stars similar
in size to the Sun, the decrease in flux for giant planets like Jupiter, Saturn or planet
orbiting HD 209458 is approximately 1% (see Figure 1.4). Photometric transit de-
tections for these planets can be made using ground-based telescopes. For planets
like Uranus and Neptune, the transit depth is about 0.1%, while for Earth-size plan-
ets it is about 0.01%, requiring high-quality space-based observations. The radius
of the star also plays a crucial role in the transit depth, making accurate star size de-
termination important. Equation 1.1 shows that for smaller stars such as M dwarfs
(R. = 0.1Ry), the transit depth of an Earth-size planet is around 1%.

Observations of multiple transits allow for the measure of the orbital period, and
then the determination of the orbit, which can be calculated using the known mass
of a host star and the Third Kepler Law

a  GM,

P2 an (1.2)
p

where a, is the semi-major axis, P, is the period of the planet, G is the gravitational
constant, and M., is the mass of the host star (where we assume M,, << M, ).
However, this method is limited to detecting only those planets whose orbits
bring them in front of their stars when viewed from Earth, which is, assuming ran-
dom orientation, about 0.5% of all star system for a case like an Earth-Sun transit
(Johnson, 2016). Despite this, with a large number of monitored stars, this method
has led to the discovery of about 3500 exoplanets, including small, rocky terrestrial

planets.

099}

relative flux

.98}

Ficure 1.4: Transit of the hot Jupiter HD 209458b, the first known transiting exoplanet discovered
by Charbonneau et al. (2000).

The total transit duration (7,,) is defined as the time during which any part of

the planet blocks the star disc (see points #; and #; in Figure 1.2), and it depends on
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the planet transit path across the host star disc.
The arc length between points P and Q is «, and the straight-line distance be-

tween P and Q is 2/ (see the star-planet geometry in Figure 1.5). From the triangle

)
formed by P, Q (first and fourth contact®) and the centre of the star, sin (%) = —;
a
which gives the expression for the total transit duration:
P l P R* + R z— b R* 2
Ty = Pg = —sin”! (—) = —sin”! ( \/( p)” = GpR) ) (1.3)
2r  m a n a

The total transit duration is heavily dependent on the impact parameter b,,, which
is defined as the sky-projected distance between the centre of the stellar disc and the
centre of the planetary disc at conjunction. Assuming a circular orbit of semi-major
axis a, and inclination #, the impact parameter is expressed as (see Figure 1.5):

_acosi

=% (1.4)

The condition for a transit to occur is then b, < 1 + R,,/R,. The longest transit
occurs when the exoplanet crosses the centre of the star disc (b, = 0), while a

shorter transit duration occurs when b, # 0. Assuming a circular orbit, the total

distance around the orbit is 27ra, where a is the radius of the orbit.

Ficure 1.5: Illustrations of the star-planet geometry showing the distance traversed by the planet,
21 from different points of view. The left panel shows the plane-of-sky projection of the star-planet
system, hence as a view from the observer. The right panel shows the lateral view of the star-planet
system, with the observer on the right

If a planet is located at an orbital radius a in a system viewed at an inclination
angle i, part of the planet will intersect the star disc if cosi < (R, + R,)/a. The

probability of a transit occurring, P;,, for randomly oriented orbits can be calculated

as:
R, + R,
P, =— (1.5)
a

Spoints at which the planet disc is just touching the outer edge of the star, in the ingress and the
egress of transit respectively
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Equation 1.5 shows that close-in planets orbiting larger stars are more likely to
exhibit transits. For example, Earth-sized planets around solar-like stars have a low
transit probability of P, = 0.5%, while hot Jupiters with a < 0.05 AU have a higher
transit probability of P, = 10%.

1.2.2 RADIAL VELOCITY DETECTION METHOD AND MASS DETERMINATION

The Radial velocity (RV) method was the first widely used technique for discov-
ering exoplanets and is based on the Doppler effect. It has been responsible for
detecting the majority of the first 100 exoplanets discovered, and today*, over 1027
exoplanets have been discovered using RV measurements.

The RV method detects exoplanets by observing the gravitational effect they
have on their host star. As a planet orbits a star, the star revolves around the centre
of mass of the system, causing periodic changes in the star radial velocity.

The radial component of the star motion, v,, along the line of sight causes a

periodic Doppler shift in the stellar spectrum received on Earth, which is given by

(M(t) _ v

A c
the star, causing the star to wobble back and forth, as illustrated in Figure 1.6, due

). This motion is a result of the gravitational pull of the planet on

to both bodies moving in an ! gravitational potential and orbiting their common

centre of mass on elliptical orbits, as predicted by Newtonian mechanics.

Radial velocity measurements

¥/

Wavelength Wavelength

Brightness
Brightness

Ficure 1.6: 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 barycentre. Credit: eso.org

The magnitude of this effect is determined by the semi-amplitude of the star

motion along the line of sight to Earth, denoted by K.. In a single planet system,

the characteristic amplitude of the radial velocity variations of the star is given by:

(1.6)

X - M,sini  (27G o
(M, + M)\ P Vi—e
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which can be derived from Kepler’s laws. Here, M, and M, represent the planetary
and the stellar masses, respectively, i is the inclination angle between the orbital
plane and the plane of the sky, G is the universal gravitational constant, P is the
orbital period, and e is the orbital eccentricity.

If the orbit is circular, the radial velocity variations are sinusoidal and reach
a maximum value of K, (see an example of RV time series in Figure 1.7). Stellar
mass can typically be estimated through mass-spectral type relationships or by using
other observables. Therefore, by knowing the M, and P values and measuring K.,
by using Equation 1.6, we can calculate M, sini. However, without knowledge
of the inclination of the system, and since sini < 1, this technique usually only
provides in most cases an upper limit for the planetary mass.

Equation 1.6 also indicates that for a given star, radial velocity semi-amplitudes

are maximised for planets with high mass and low orbital periods.
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Ficure 1.7: (A) Radial velocity time series for GJ 3998 measured with the TERRA pipeline. (B) RV
data folded at the best-fit orbital period of the inner planet GJ 3998 b. Blue dots show the mean
values in bins of amplitude 0.05. The red solid line indicates the best-fit orbital solution. Figures
adapted from Affer et al. (2016).

Currently, the most sensitive spectrographs for detecting exoplanets are the High
Accuracy Radial velocity Planet Searcher (HARPS) spectrograph (Pepe et al., 2000)
on the 3.6m telescope at La Silla Observatory in Chile, its northern hemisphere
counterpart, the HARPS-N (Cosentino et al., 2012), installed on the Telescopio
Nazionale Galileo (TNG) telescope in La Palma, Spain, and the recent Echelle
SPectrograph for Rocky Exoplanets and Stable Spectroscopic Observations (ESPRESSO)
spectrograph (Pepe et al., 2021), at the VLT in Paranal, Chile.

Another method for determining the planetary masses is the Transit Timing
Variations (TTVs). TTVs occur in multi-planetary systems where one or more plan-
ets transit, and their gravitational attraction causes variations in the timing of tran-
sits. If a single planet were to follow a Keplerian orbit with regular transit times,

the presence of additional bodies would cause deviations from this strict periodic-

10
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ity. TTVs are sensitive to the masses and orbital configurations of the interacting

planets, making TTVs analysis a powerful tool for mass determination.

1.2.3  OTHER TECHNIQUES TO DETECT EXOPLANETS

The methods discussed above have led most of the exoplanet discoveries to date.
However, other techniques, such as direct imaging and micro-gravitational lens-
ing, have also been used to detect exoplanets, although they have contributed to a
smaller number of discoveries. Each detection method has sensitivity to specific
ranges or types of planets and plays an important role in discovering exoplanets.
A diverse range of techniques provides comprehensive coverage of the parameter
space and access to complementary information. To provide a complete overview,

I will briefly mention these other methods here.

Direct imaging (62 discovered exoplanets®)

The goal of direct imaging is to observe the exoplanet thermal emission directly by
spatially resolving it as a separate point source from the host star. This is achieved
by using a coronagraph to block the direct light from the host star, allowing nearby
objects to be resolved (as shown in Figure 1.8). This method is sensitive to young,
massive planets that are still retaining the thermal heat from their formation, and
typically found in face-on orbits at large separations (Traub and Oppenheimer,
2010).

November 1, 2009 L'-band

Ficure 1.8: Direct image with the Keck Il telescope of the HR-8799 system, composed of 4 giant
planets. Figure taken from Marois et al. (2010).

Gravitational microlensing (176 discovered exoplanets?)

Gravitational microlensing, which was first proposed as a method for exoplanet
detection by Mao and Paczynski (1991) and Gould and Loeb (1992), uses the gen-

eral relativistic deflection of light in curved space-time to detect distant exoplanets.

11
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When a distant star passes close to a nearer star from the perspective of an observer,
the light rays from the background star that traverse the gravitational field of the
foreground "lensing" star change their trajectory. This bending of the light rays into
the line of sight results in extended, intensified images of the background star. In
practice, we observe and measure from the ground only the magnification of the
source star flux as a function of time. By plotting the magnification as a function of
time we produce a light curve, the shape of which depends on the stellar objects that
cause the magnification of the source. For a single star that does not host any planet
we have a single lensing event and the light curve has just one wide peak while for
a planet orbiting the lens star we have a wide peak with a blip (close-in planet, see

Figure 1.9) or double lensing event (planet in a distant orbit).

T T T T T =T T T T TTT T T TrTe
3 __I3 __l || T T |.__ T I T 1l6 I:_ | T || l| T | I__i
- [ OGLE ‘7 : -
K C i 15 3
L 2 ] ™ E
- el - i: = Planetary 3
S [° F v e 1.3 | deviation §
= L ST R T T Erlovaoalooaa o laad
€ 2 -1,000 0 95 10 10. —
[ =] = -
.‘é“ - & OGLE ¢ Danish -
1.5 |— * Robonet * Perth ]
— = Canopus * MOA .

1 1 | | 1 1 | I 1 | | i | 1 1 |

-20 0 20

Days since 31 July 2005 UT

FiGure 1.9: Light curve of the microlensing event of OGLE-2005-BLG-390Lb, showing the presence
of a planetary signal lasting for about a day. Figure extracted from Beaulieu et al. (2006 ).

Astrometry (2 discovered exoplanets®)

As in the case of radial velocity method, astrometry quantifies the gravitational
perturbation of the host star caused by an orbiting companion by measuring the
relative position of the star Perryman (2014). The elliptical motion of the star has a

angular semi-major axis « given by

a = (%ﬁ)( IZU)(%)_Iarcsec (L.7)

where a is the semi-major axis of the planet orbit (assumed circular), d the dis-

tance of the object from the observer. This astrometric signature « is the observable

for the astrometric planet detection. As seen in Equation 1.7, the amplitude of the
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astrometric signature is proportional to M, and a, and inversely to d, hence the
astrometry technique is more sensitive to long period systems (P > 1 year), but is

limited by the accuracy of the positional measurement of the star.

1.3 'THE OBSERVED POPULATION OF PLANETS

The various observing techniques mentioned have resulted today* in detecting over
5200 exoplanets orbiting different types of stars. According to statistical estimates
based on different discovery methods, there is on average at least one planetary
companion for every star in the galaxy, as suggested by Howard et al. (2010) and
Batalha (2014). This indicates the possibility of billions of planets existing in the
Milky Way alone. Figure 1.10 illustrates a comparison between the known exo-
planet population and the solar system planets in terms of mass (panel A) and radius

(panel B) versus semi-major axis.
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Ficure 1.10: Left: exoplanets with known M, (or M, sini, for non-transiting planets) and semi-
major axis. Right: exoplanets with known R, versus semi-major axis. In both panel, the points are
coloured according to the detection method. The planets of our solar system (gold star) are reported
for comparison. Data from exoplanet.eu database (as of 31 January 2023).

These representations indicate a wide range of observed exoplanets, highlight-
ing that the demographics of planetary systems differ significantly from our own
solar system.

Exoplanet detection methods are typically biased towards large planets located
close to their stars, as these are easier to detect, leading to over-representation in
known exoplanet catalogues. Moreover, certain groups of planets outside or below
current survey detection limits are fundamentally invisible. Figure 1.10 demon-

strates that transit surveys detect the smallest exoplanets, ranging in size from that
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of the smaller planets in our solar system at 0.01 AU from their star to slightly larger
than Jupiter at 1 AU. Radial velocity surveys detect Earth-mass exoplanets at 1 AU
and planets two orders of magnitude more massive than Jupiter at 10 AU, while mi-
crolensing surveys can detect Jupiter-mass at 5 AU. Beyond 10 AU, direct imaging
surveys mainly detect super-Jupiters.

Combining different detection methods provides a consistent picture of planet
populations even if observation biases should be taken into account. According to
radial velocity and transit surveys, the most commonly known types of exoplanets
are super-Earths and sub-Neptunes, located within 1 AU. Giant planets, mostly lo-
cated between 1 and 10 AU, orbit a smaller fraction of stars. For the purpose of this
thesis, Hot Jupiters and smaller planets, such as super-Earths and sub-Neptunes,

will be briefly discussed.

1.3.1 Hor-JupITERS

Hot Jupiters are giant planets with masses similar to Jupiter’s (M, ~ 0.3 - 3 My,
Stevens and Gaudi 2013) and average radii (R, ~ 0.2 - 2 Ry, Stevens and Gaudi
2013) that orbit their star with periods of less than 10 days. They are located very
close to their star (a < 0.1 AU), and therefore receive strong stellar irradiation, lead-
ing to equilibrium temperatures ranging from 800 - 4000 K. Hot Jupiters dominated
planet discoveries for a least one decade, as they are easiest exoplanets to detect via
transits and RV methods.

Since massive planets cannot form in the high-temperature inner regions of the
protoplanetary disk, multiple early evolution mechanisms have been proposed to
explain their short orbital periods. Hot Jupiters could have migrated via gas disc mi-
gration, in which a giant planet migrates before the dispersal of the protoplanetary
gas disc by exchanging angular momentum with the disc (Goldreich and Tremaine,
1980; Ida and Lin, 2008; Baruteau et al., 2014), or through high-eccentricity migra-
tion, a process by which planets or other celestial objects with high eccentric orbits
can migrate and change their orbits over time due to interactions with other objects
in the system, such as other planets or gas and dust in the disc (Rasio and Ford,
1996; Kozai, 1962).

Hot Jupiters are intrinsically rare, despite being the easiest to find. Their oc-
currence rate - the average number of planets per star satisfying a given range of
properties - around main sequence stars is only about 0.5 - 1% (Wright et al., 2012;
Fressin et al., 2013; Deleuil et al., 2018). The occurrence rate of hot Jupiters is
highly dependent on the metallicity of the host star, as metal-rich stars are more
likely to host a gas giant planet (Fischer and Valenti, 2005; Sousa et al., 2011). Host
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star metallicity may be linked to the amount of material available on the protoplan-
etary disc for giant planet formation via core accretion (Johnson et al., 2010).

In the atmospheres of hot Jupiters, hydrogen and helium are dominant, as they
are in the giant planets of our solar system. The fractions of these molecules are
likely to be similar to their parent star value. In addition to these two main con-
stituents, other molecules, such as oxygen, carbon, and nitrogen species, are also

predicted to be present in the atmospheres (Sharp and Burrows, 2007).

1.3.2 Super-EARTHS AND SUB-NEPTUNE

One of Kepler’s most surprising findings was the abundance of planets between 1-4
Rg, absent from our solar system, making them particularly interesting to study their
formation and evolution paths. This category includes both Neptune-like gaseous
planets and smaller rocky super-Earths. About 50% of solar-type stars host at least
one planet smaller than the size of Neptune (Fressin et al., 2013). The occurrence
rate of planets with R, ~ R is relative insensitive to stellar metallicity, as opposed
to the clear trend seen for giant planets (Buchhave et al., 2012), but increases for
short-period (10-100 days) planets (1.7 - 4.0 Rg) around metal-rich stars (Petigura
et al., 2018). These planets display a more varied bulk density distribution than
hot Jupiters (Lopez and Fortney, 2013; Weiss et al., 2013; Weiss and Marcy, 2014).
The most likely scenario that explains their formation is by core accretion of solids
beyond several AU, followed by migration through the gas disc. After the gas disc
disperses, these planets continue to evolve under several mechanisms which will
determine their final masses, leading to diverse compositions. These planets can
have a solid surface and no atmosphere or a tiny envelope, mainly composed of a
significant fraction of elements such as Si, Mg, Fe, C, O. Alternatively, they may
be "transitional planets" with either a rocky core with an H-rich envelope or a sig-
nificant fraction of H,O-dominated ices/fluids. Their atmosphere can be primordial
or evolved to a secondary atmosphere. They could have atmospheres with a larger

fraction of water vapour but also retained some hydrogen and helium.

1.3.3 EXOPLANETARY ATMOSPHERES

Since the first detection of atmospheric absorption from a transiting exoplanet by
Charbonneau et al. (2002), and the subsequent detection of thermal emission from
another transiting exoplanet (Charbonneau et al., 2005), atmospheric observations
have been reported for over fifty transiting exoplanets. These observations, when

combined with their bulk parameters and host star properties, can provide valuable
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insights into the atmospheric and interior properties, formation, and evolution his-
tories of exoplanets.

Moreover, planetary atmospheres can be broadly classified as either "primary"
or "secondary". Primary atmospheres originate from the accretion of gases from
the nebula and are mainly composed of hydrogen and helium. On the other hand,
secondary atmospheres are formed by the outgassing of volatiles from the planet
interior. The composition of the atmosphere of planets with masses ranging from
1-15 Mg can be diverse and may either be predominantly primary, predominantly
secondary, or a mixture of both.

The composition of a planet interior has a significant impact on the character-
istics of its atmosphere. Five broad categories of planetary atmospheres can be
defined:

e H and He dominated atmospheres: These atmospheres contain mostly hydro-
gen and helium in cosmic proportions, indicating that the planet captured its

atmosphere from the protoplanetary nebula.

e QOutgassed atmospheres with hydrogen: Planets that have atmospheres result-
ing from outgassing, rather than being captured from the protoplanetary neb-
ula, will typically contain some amount of hydrogen in the form of H,. The
specific quantity of H, will depend on the composition of the planetesimals
that contributed to the planet formation (Elkins-Tanton and Seager, 2008).
Such planets in the range of 10-30 Mg may be massive and cold enough to
retain hydrogen in their atmospheres against atmospheric escape, resulting
in H-rich atmospheres that are distinct from the CO,- or N,-dominated at-
mospheres of Solar System terrestrial planets. Some super-Earths may have
particularly thick outgassed atmospheres of up to 50% by mass of H, up to
a few percent of the planet mass. Additionally, some planets may feature

massive water vapour atmospheres (e.g., Rogers and Seager, 2010).

e Qutgassed atmospheres dominated by CO,: On Earth, CO, dissolved in the
ocean and was sequestered in limestone sedimentary rocks, which left N, as
the dominant atmospheric gas. This category of atmospheres is characterised
by the absence of H and He, and the presence of H,O may suggest the exis-

tence of a liquid water ocean.

e Hot super-Earth atmospheres lacking volatile: Planets with atmospheric tem-
peratures exceeding 1500 K are likely to have lost not only H but also other

volatiles such as C, N, O, and S. The resulting atmosphere would consist of
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silicates enriched in more refractory elements like Ca, Al, and Ti (Schaefer
and Fegley, 2009).

o Atmosphereless planets: These are hot planets that have lost their entire at-

mosphere.

Giant planets outside our solar system are expected to have primary atmospheres
composed largely of H and He (e.g., Seager et al., 2007). These atmospheres are
also expected to contain a number of less abundant molecular and atomic species
made up of heavier elements (e.g. O, C, N) in proportions governed by the primor-
dial abundances (Burrows and Sharp, 1999). These "trace species" are responsible
for the dominant features of giant planet spectra.

On the other hand, super-Earths have no analogues in our solar system, as their
masses are intermediate between those of terrestrial planets and ice giants. It is
presently unknown if super-Earths are sub-Neptunes with H/He-rich atmospheres,
or are scaled up terrestrial planets with atmospheres dominated by heavy molecules
(e.g., H,O, CO,).

In principle, H-rich atmospheres could be easily distinguished from those dom-
inated by heavier molecules. However, it is important to consider the role of clouds,
which may originate from condensation of silicates or other refractory "rocky" ma-
terials, or from photochemical processes. They are generally grey absorbers or
scatterers, and could also obscure transmission spectrum features (Fortney, 2005;
Morley et al., 2013). However, transmission spectrum observations with a high
enough SNR should be able to recover a wealth of atmospheric information (Ben-
neke and Seager, 2012).

1.4 THIS THESIS

1.4.1 MOTIVATIONS

The radius and mass of an exoplanet are the basic quantities that determine the
properties and the evolution of a planet. They can be determined by measuring the
flux and the radial velocity variation of its parent star caused by the planet orbit.
Improving the precision of observational planet masses and radii is crucial for un-
derstanding planet structure and formation models. Both are key parameters for
studying the internal structure of a planet, its formation and evolution and to derive
atmospheric properties.

In this context, accurate estimation of both the radius and mass of a planet can be

essential in retrieving the planetary atmospheric composition. However, the uncer-
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tainty in the mass measurement, which typically has an error bar from a minimum
value of 10% for planets with M > 0.1 M; but much larger for smaller planets (often
greater than 50% or even only estimated from models), can contribute to the degen-
eracy in retrieving the mean molecular weight of the atmosphere, especially in the
presence of clouds.

On the other hand, as mentioned in Section 2.5, limitations in the characterisa-
tion of exoplanets, particularly in their masses, can arise from various sources es-
pecially from stellar noise due to stellar variability, due to magnetic activity, which
creates noise and affect the detection and characterisation of exoplanets. Therefore,
it is important to not only detect and characterise exoplanets but also study and

characterise their host stars, especially when they are M or young stars.

1.4.2 PLAN OF THE THESIS

In Chapter 2, I introduce the atmospheric characterisation of exoplanets through
transmission spectroscopy, the challenges for the detection and characterisation of
exoplanets and the main instruments, data reduction techniques and analysis tools
relevant for this thesis. In Chapter 3, I analyse the impact of uncertainties in the
planetary mass on the atmospheric retrieval. In Chapter 4 1 extend this analysis to
a sub-sample from the Ariel MRS proving a receipt for each analysed target. In
Chapter 5, I present a method for optimizing the radial velocity extractions for fast-
rotating stars using the cross-correlation function (CCF) technique, which takes into
account stellar activity by considering the presence of spots on the stellar surface.
In Chapter 6, I measure activity indicators at visible wavelength for the very ac-
tive star AD Leonis, observed with HARPS and HARPS-N, to better understand
the behaviour of chromospheres in M stars, characterise their variability, and find
correlations among them. Conclusions and future prospectives follows in Chapter
7.



CHAPTER 2

Instruments and analysis methods

The aim of this chapter is to provide essential information for the full comprehen-
sion of the subsequent chapters. Firstly, I introduce the main instruments used for
detecting and characterising exoplanets, which are relevant to this thesis. I also dis-
cuss the main software used for reducing HARPS/HARPS-N spectra and some tools
that will aid in the data analysis. Next, I introduce the characterisation of the exo-
planetary atmosphere through transmission spectroscopy and the powerful retrieval
framework TauREx (Al-Refaie et al., 2021). Finally, I discuss the main challenges

associated with exoplanet detection and characterisation.

2.1 INSTRUMENTS FOR THE DETECTION AND CHARACTERISA-

TION OF EXOPLANETS RELEVANT FOR THIS THESIS

2.1.1 HARPS-N

High Accuracy Radial velocity Planet Searcher for the Northern emisphere (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 spec-
tral resolution R = 115000 (Cosentino et al., 2012). Figure 2.1 shows an image of
the spectrograph. It is designed to obtain high-precision radial velocity measure-
ments while avoiding spectral drifts due to temperature and air pressure variations,
thanks to very accurate control of pressure and temperature. HARPS-N if 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 115000 in the spectrograph. The spectrum is

projected onto an €2V CCD 231 detector, which allows 69 spectral orders.
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Ficure 2.1: HARPS-N echelle spectrograph. Figure is taken from TNG website.

2.1.2  SPACE-BASED PHOTOMETRY

Precise photometry from NASA’s Kepler (Borucki et al., 2010), K2 (Howell et al.,
2011), and TESS (Ricker et al., 2015) missions over the last two decades has revo-
lutionised exoplanet science and stellar astrophysics.

In March 2009, the NASA Kepler Mission launched into a stable, Earth-trailing
heliocentric orbit and stared continuously at a single patch of the sky for more than
4 years, monitoring the flux of 200,000 stars. Its goal was to quantify the occurrence
rate of Earth-like planets, or planets discovered orbiting near the habitable zone of
their host star, using the transit method. The Kepler spacecraft was pointed at a
region in the sky known for its abundance of FGK main-sequence stars similar to
the Sun, out of the galactic plane and between the constellations of Cygnus and
Lyra.

Unfortunately, the mission concluded with a malfunction in two reaction-wheels,
which nullified the spacecraft ability to remain focused on a single patch of the sky
for an extended period. An alternative plan was established, and in May 2016, the
K2 mission was approved. K2 (Howell et al., 2011) used solar wind pressure to
balance the third dimension of the spacecraft, allowing for stable pointing for up
to 2-3 months along the ecliptic. In October 2018, after having observed 20 fields
along the ecliptic during its K2 mission, the Kepler spacecraft ran out of fuel, and
NASA announced that the telescope had officially been retired.

In September 2018, the Transiting Exoplanet Survey Satellite (TESS) (Ricker
et al., 2015) achieved first light. The spacecraft observes large portions of the night
sky over an extended period of time. It observes a hemisphere of the night sky for
a full year and then switches to the other hemisphere for the next year. This allows

TESS to observe most stars for at least 27 days at a time but can observe some stars
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for a full year if they are located near the north and south ecliptic poles.

2.1.3 ARIEL

The ESA Atmospheric Remote sensing Infrared Exoplanet Large Survey (Ariel)
space telescope is a 0.64m? telescope, planned to be launched in 2029. It will be
the first telescope dedicated to studying the atmosphere of a large population of
exoplanets, characterising their thermal structures, chemical compositions, cloud
properties and dynamical processes as a function of longitude, latitude and alti-
tude 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 differ-
ent 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 um). 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, 2018), each with

different goals:

e Tier 1 Reconnaissance survey: These observations will use a low spectral
resolution (4 spectral resolution elements covering the 1.10 - 7.80 um 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
planets, such as determining the fraction of planets that have cloudy atmo-
spheres, the fraction of small planets that have retained their primary enve-
lope, removing mass-radius degeneracies to constrain planet interiors, obtain-
ing rough estimates of planet properties like temperature, albedo or the pres-
ence of main molecules, and classifying the planets through colour-colour
diagrams. The Ariel Tier 1 survey mode will also allow for rapid and broad
characterisation 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.

e Tier 2 Deep survey: This tier uses a higher spectral resolution (R~ 10 for
1.10 < 4 < 1.95 um; R~ 50 for 1.95 < 4 < 3.90 um; R~ 15 for 3.90 < 4 <
7.80 um; 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 essential for uncovering atmospheric structure and composition (main

components and trace gases), as well as searching for potential correlations
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TaBLE 2.1: Summary of the Ariel required spectral coverage and resolving power. The key scientific
motivations are listed in the right column (Tinetti et al., 2018).

Wavelength range Resolving power  Scientific motivation
Correction stellar activity
0 SXI-S({ g(())fum Integrated band Measurement of planetary albedo
Detection of Rayleigh scattering/hazes
Correction stellar activity
FGS1 Inteerated band Measurement of planetary albedo
0.60 - 0.80 um g
Detection/characterisation of clouds/hazes
FGS2 Inteorated band Correction stellar activity
0.80 - 1.10 um g Detection/characterisation of clouds/hazes
Correction stellar activity
Detection/characterisation of clouds/hazes
Detection of molecules (e.g. H,O,TiO,VO, metal
hydrides)
NIRSpec R> 15 Measurement of planet temperature
>
1.10 - 1.95 ym Retrieval of molecular abundances
Retrieval of vertical and horizontal thermal struc-
ture
Detection temporal variability (weather/cloud dis-
tribution)
Detection of atmospheric chemical components
Measurement of planet temperature
R > 100 Retrieval of molecular abundances
IR SpeAclt;"Sgraph (below 3.9 um)
( ) R > 30 Retrieval of vertical and horizontal thermal struc-
1.95-7.8 um

(above 3.9 um)

ture

Detection temporal variability (weather/cloud dis-
tribution)
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between atmospheric chemistry and basic parameters like planetary radius,

density, temperature, stellar type and metallicity.

Tier 3 Benchmark planets: These observations will focus on studying the
variability through time and space of exoplanet atmospheres. This tier is ded-
icated to planets for which the maximum Ariel spectral resolving power and
SNR > 7 can be reached in one or two observations (e.g. 10% sample). Ariel
Tier 3 observations will identify variations in the thermal vertical and hori-
zontal structure through time. The results will be used to quantify, for the first
time, the uncertainty introduced when we obtain only disc and time-integrated
spectra. Additionally, by combining all observations obtained over time for
a Tier 3 planet, unprecedented SNR will be achieved, enabling an extremely

detailed study of atmospheric chemistry and dynamics.

Tier 4 Phase-curves and bespoke observations: This is a special tier for
targets of particular interests even if non-transiting. Custom observations with
individualised requirements, such as phase curves, can be carried out in Tier
4. Phase-curve analysis, which involves tracking the scattered or emitted light
of a planet along its entire orbit, enables the extraction of valuable information
about the chemistry, thermal structure, and cloud properties. Furthermore, by
combining analyses at different phases of the orbit, it becomes possible to
map the dynamics of the planetary atmosphere, identifying features such as

hot-spots or cloudy regions (e.g., Changeat, 2022).
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TaBLE 2.2: Summary of the science requirements for the survey tiers given in Tinetti et al. (2021).

Tier name Science requirements
Tier 1 - All planets in the sample
Reconnaissance - 5+ spectral resplutlon elements covering the 1.10 — 7.80 um range)
Survey measurements with average SNR > 7
- Transit or eclipse
- Spectroscopic measurements for a subsample (e.g. 50% of sample)
Tier 2 -R~10for 1.10 < A < 1.95 um; R ~50 for 1.95 < A4 < 3.90 um; R~15
Deep Survey for 3.90 < A < 7.80 um; with average SNR > 7
- Transit and/or eclipse
- Spectroscopic measurements for a subsample (e.g. 10% of sample)
-R ~ 15 for 1.10 < 2 < 1.95 um; R ~100 for 1.95 < A < 3.90 um;
Tier 3 R~30 for 3.90 < A < 7.80 um; with average SNR > 7 achievable in 1-2
Benchmark planets observations
- Transit and/or eclipse, repeated in time
Tier 4 - Phase-curves, eclipse mapping, bespoke observations

Phase-curves and bespoke obs. - Multiple-band photometry/spectroscopy with SNR > 10

Ariel observations will simultaneously cover the wavelengths from 0.5 yum to
7.8 um. The telescope has 3 photometers (a Visible Photometer, VISPhot, and two
Fine Guidance Sensors, FGS1 and FGS2), and two spectrometers (the Near Infrared
Spectrometer, NIRSpec, and the Ariel Infrared Spectrometer, AIRS) with varying
resolution depending on the Tier level. Table 2.1 summarises the Ariel required
spectral coverage, resolving power and the key scientific motivations, while Table

2.2 outlines the science requirements for each survey tier.

2.2 Data REpDUCTION

In this thesis, I analysed HARPS and HARPS-N spectra. In Chapter 5. HARPS and
HARPS-N spectra were used to measure the RVs, while in Chapter 6, HARPS and
HARPS-N spectra were used to analyse time-series variations in activity-sensitive
lines, such as Can H & K and Hea.

All spectra were automatically reduced using the Data Reduction Software (DRS)
(Cosentino et al., 2012), which also extracts the radial velocities. However, an-
other approach to derive the RVs is available, namely the Java-based Template-
Enhanced Radial velocity Re-analysis Application (TERRA) (Anglada-Escudé and
Butler, 2012).

2.2.1 Dara REpucTioN SOFTWARE (DRS)

The DRS handles all the aspects of the scientific reduction of the raw data. It applies

the classical optimal extraction method described by Horne (1986), which includes
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bias and background subtraction, flat fielding, and delivers spectra that are both
cosmic ray corrected and wavelength calibrated. The DRS also calculates radial

velocities (RVs) using the cross correlation function (CCF) method (Baranne et al.,
1996; Pepe et al., 2002).
Cross-correlation function (CCF) approach

The RV of a star with respect to the system barycentre can be inferred from by the

Doppler shift in the wavelength of the stellar spectrum, which is given by:

AL = Apps = Aem 2.1

where A, is the observed wavelength in the star-planet barycentre and A,,, is the
emitted wavelength. The velocity is related to A4 by:

VR = (ii )C- (2.2)

Cross-correlation with Weighted Mask| Measuring Radial Velocity
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Ficure 2.2: lllustration of the construction of the cross-correlation function.

We can obtain Doppler shift measurement from every single line of each order
of the spectrum. However, to determine accurate and precise RV measurement
from the spectrum, the DRS used the cross correlation function (CCF) method. The
CCF technique, first proposed by Fellgett (1955), and developed by Griffin (1967).
Schematically, it is based on obtaining a mean-line profile of the spectrum by cross-
correlating the stellar spectrum with a binary mask, defined tobe 1 if 4 = A,,, £ A, ium
and zero otherwise, optimised for the specific spectral type. A number in the interval

between 0 and 1 can be given to the mask to assign different weights to different
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parts of the spectrum (for example dependent on the SNR). To calculate the total
flux that is not blocked by the mask, the mask is shifted in increments of step size
A,, and the spectrum is multiplied by the mask at each velocity step until the cross-
correlation function (CCF) is obtained. A diagram illustrating this process is shown
in Figure 2.2.

If S 1s the observed spectrum, the CCF is given by:

CCF(v) =S(A) X M[A(1 +v/c)lw (2.3)

In practice, to calculate the CCF, an array of velocities v= [-v4,v4] is defined
with step size of A,. The observed spectra are computed in the range A,,,(1 +v/c) +
Ayiann for each velocity element v, and S and M are correlated for the different
velocity elements, for which w will be either O or 1. The RV is obtained as the
centroid of a Gaussian function fitted to the CCF profile. The DRS provides the
CCF for each spectral order, but the RV of a specific observation is calculated as
the weighted average of the RVs from individual spectral orders, where the weights
are determined by the SNR of each order. An example of CCF profile is shown in
Figure 2.3.

Normalized flux
o
3

G5 star CCF ——

Gaussian fit --------

5 0 5 10 15 20 25 0
Doppler velocity (km s1)

FiGure 2.3: CCF created by DRS for a G5 star using the G2 mask and relative Gaussian fit. From:
Rainer et al. (2020)

2.2.2  TemMPLATE-ENHANCED RADIAL VELOCITY RE-ANALYSIS APPLICATION
(TERRA)

TERRA algorithm is used to extract the RVs using a template matching approach.
Given a wavelength calibrated observation and a stable instrumental profile, the

observed spectrum differs from the template only by a Doppler shift (due to Earth

motion around the Sun and/or the presence of companions) and a flux normalization

function (most likely due to observational and instrumental effects).
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The TERRA algorithm involves building a high-SNR template 7 by combining
all of the observed spectra, and then finding the parameters that minimise the dif-
ference between the observed spectrum S and the template 7. Specifically, the goal

is to minimise R, the residuals at each pixel i, which are defined as follows:

M
RQ) = Tlayd] = S ) (A = A)" (2.4)
m=0

Here, A is the wavelength of the observation transformed to the solar system
barycentre reference frame. The parameter a, represents the Doppler shift between
the template and the observed spectrum, while «,, are the parameters of the flux
normalisation function, which is an M-degree polynomial that accounts for time-
dependent observational and instrumental effects. Therefore, the Doppler shift and

the other «@; parameters are obtained for each spectral order by minimising:

N pixel

=) o) (2.5)

i=1
where w; represents the weight assigned to each pixel at wavelength A;. The final
RV is calculated as the weighted mean of the values obtained for each spectral order.
This method has been demonstrated to work particularly well for M dwarfs, or stars

with broad lines.

2.3 METHOD OF STATISTICAL ANALYSES AND ANALYTICAL TOOLS

This section aims to introduce some key statistical and numerical methods and tools
used in this thesis. Firstly, I introduce the widely popular tools classified as peri-
odograms. In the context of exoplanetary science, their main application is to study
the presence of periodic signals in time-series, but they can also be used to define
detection limits for planetary companions. Next, I introduce TauREx (Al-Refaie
et al., 2021), a powerful retrieval framework that provides extremely fast-forward
models for spectroscopic transmission and emission. Finally, I present a brief dis-
cussion of posterior sampling methods such as The Markov Chain Monte Carlo
(MCMC) and Nested Sampling, used to fit data to specific models.

2.3.1 PERIODOGRAMS

The first technique defined as a periodogram was introduced by Arthur Schuster

(Schuster, 1898). It is based on the discrete-time Fourier transform and represents
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one of the most widely adopted methods for analysing periodic variations in time-
series. Unfortunately, it requires continuous sampling of the signal with even time
intervals, and therefore, it is usually unsuitable for exoplanet searches involving
low-cadence data with irregular time sampling. A generalisation of the Schuster
periodogram known as the Lomb-Scargle algorithm (Barning, 1963; Lomb, 1976;
Scargle, 1982) was developed in order to handle the irregular time sampling. This
is achieved by using a pair of phase offset sinusoidal basis orthogonal functions. It
is equivalent to fitting time-series data with sine waves of the form y = a sin(wt +
¢) = bsinwt + ccos wt. However, this method has two major shortcoming when
used to analyse time-series in the exoplanetary context. Firstly, it assumes that the
observations are noise-free and hence the measurements errors are not taken into
account. Secondly, it assumes that the data has zero mean, implying that the mean of
the data and the mean of the sinusoids are the same. The generalised Lomb-Scargle
(GLS) periodogram, which accounts for measurement errors and non-zero mean,
was introduced by Zechmeister and Kiirster (2009). Following their notation, for a

time-series (;, y;) with N observations and errors o;, we fit the following model:
y(t) = asinwt + bcoswt + ¢ (2.6)

Hence, minimise the following function:

N

Z ym' =W wily: = y(t)P @.7)

i=1 i

where the observations are weighted by inverse-variance as:

W":vivc% (W:Z% Zwizl) 2.8)

This formulation will be used in the following chapters.

Figure 2.4 shows a generalised Lomb-Scargle (GLS) periodogram and the false
alarm probability (FAP), which determines the statistical significance of the periodic
signals. In particular, in period analysis techniques the lower the FAP for a given
period P, the more likely P is a significant period (FAP values are expressed as a

number between 0 and 1).

It is also important to identify the nature of the several peaks in the periodogram
that may have stellar, instrumental, or observational origins, rather than being caused

by a planet.

Unfortunately, the GLS periodogram relies on a few fundamental assumptions
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Ficure 2.4: GLS periodogram of the radial velocities of GJ 3998, of the original data. The dashed
lines indicate the 0.1%, 1%, and 10% levels of false-alarm probability. Adapted from Affer et al.
(2016)

that are not always met, which can make the results unreliable. It assumes that the
studied signal is a single sinusoid affected by Gaussian noise, requiring not only
a strictly periodic signal, but also that it is represented by a sine/cosine function.
This might apply to a single planet on a circular orbit, but not to general Keplerian
signals, which are often non-sinusoidal and affected by multiple interferences, in-
cluding quasi-periodic activity-induced signals and the astrophysical window func-
tions. The time sampling of observations is also crucial for the robustness of any
detection, as "ghost" signals can be observed due to the sparse and irregular time
sampling. Proper testing for these biases is necessary to avoid distorted results.
Despite these limitations, the GLS periodogram is widely used in the astro-
physics community due to its convenience and efficiency, and it is one of the most
commonly used tools in exoplanet studies, including Doppler spectroscopy. GLS
periodograms are often used to estimate the stellar rotation period of stars from the
time curves of their activity indicators, which can help distinguish between stellar

and planetary signals and "clean" the RV time-series.

2.3.2 NUMERICAL METHODS

All retrieval codes share a common underlying structure, consisting of a forward
model framework responsible for constructing the spectrum that will be used as a
model (referred to as the forward model), and a retrieval framework that fits the
forward model to observations to determine the optimal set of parameters that ac-
curately describe the data. During the retrieval step, different methods may be em-
ployed to establish parameter constraints and derive posterior distributions.

The retrieval problem, also known as the inverse problem, consists in defining
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the state vector of a model based on a data vector. The data or measurement vector,
represented by a vector y, and a set of physical parameters pertinent to our model,
represented by a state vector x (such as gas mixing ratios and temperature at each
atmospheric level in the case of atmospherical retrieval, or the latitude, longitude

and filling factor of spots in the case of a spot model), can be related as follows:
y=MX)+e (2.9)

Here, the error vector € encapsulates all the errors, and M(X) is the forward model -

a function that captures our understanding of the physics of the measurements.

This relationship enables an accurate solution to the inverse problem when the
input parameters that best describe the scenario are precisely known, or when the
underlying physics are well known a priori, and the data have extremely high signal-
to-noise ratios. In such cases, M(x) can be expanded around an initial guess for the
true state, denoted as X, using one step of a Taylor series. Specifically, we can

write:
OM(x)

(y) — M(x¢) = x—-x9)+te=Jx—xp)+¢€ (2.10)

where J is the Jacobian matrix, a weighting function matrix that describes how sen-
sitive the model is to perturbations in each state vector parameter at each wavelength

position.

However, in some cases, the inputs are uncertain and the initial assumption that
y = M(x) + € may not be entirely valid. In such situations, Bayesian inference is
a more effective statistical tool as it allows us to constraint the physical state while
accounting for the large uncertainties in the measurements, and also allows us to

impose minimal prior knowledge on the physical state.

To apply Bayesian inference, we treat X, y and € as random variables and deter-
mine the joint probability distribution of (x,y). We then define the "solution" to the
inverse problem as the probability distribution of x given y, denoted as x|y. This
approach enables us to model the noise, even if we do not know the exact nature of
the noise that affects the given data. It also allows us to specify a priori the form of
solutions that we believe to be more likely, thereby enabling us to assign weights to
multiple solutions which explain the data. This is the Bayesian approach to inverse

problems.

Bayes’ theorem explains the relationship between the probability density func-

tion of the data vector, y, and the probability density function of the state vector, X,
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given a forward model, M. The theorem is expressed as:

Plyix, M)P(x, M
P(xly. M) = (Y|XT(YI)M()X ) @.11)

Here, P(x]y, M) represents the posterior distribution of the state vector when
the measurement is given, while P(x, M) is the prior distribution representing our
knowledge of the state vector before the measurement is taken. The likelihood
function, P(y|x, M), quantifies the probability of observing the data vector, given a
particular state vector and forward model. The denominator P(y|M), is the Bayesian
evidence (&), which is obtained by integrating P(y|x, M) P(x, M) over all states

vectors.

Different Bayesian inference methods, such as The Markov Chain Monte Carlo
(MCMC) and Nested Sampling (NS), use different approaches to sample parameter

space of the model and estimate the posterior distributions and evidences.

Markov Chain Monte Carlo (MCMC)

The The Markov Chain Monte Carlo (MCMC) method was developed in the 1940s
and 1950s and is one of the most widely used Bayesian inference methods in as-
tronomy (Trotta, 2017).

Consider the expected value of the state vector x with probability distribution
Jx):
E(x) = fxf(x) dx (2.12)

By using the Monte Carlo integration technique, it is possible to approximate the
unknown integral by producing a reasonable number of random vectors x;. In other
words, Monte Carlo methods allow us to approximate the values of integrals against

probability density functions with finite sums over Ny, samples:

Nyam P

D h(x)f(h(x))  (for large Nyay)
’ 2.13)

where A(X;) is a sample drawn from f. In Bayesian inference, we can replace f(h(x))

g= f hx)f(h(x)) dh(x) —> § = Nl

samp

with the posterior distribution, P(x]y, M), and make A(x) a function of the unknown

parameter. The resulting expected values is:

1 N samp

Z h(x) (2.14)

samp

Eh(ly) = f P(ylx, Mh(x) dx ~
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and the sample variance is:

1 Nyam, p

vard) = s ) %= 97’ (2.15)
samp\LV samp =1

One of the major challenges of the Monte Carlo integration method is efficiently
generating the samples x;. This can be addressed using a Markov chain. Markov
chains are stochastic processes where the probability distribution of the future state
depends only on the current state and not past states (see e.g. Line et al. (2013);
Trotta (2017)). This property is known as the Markovian property (Markov et al.,
1954) and can be thought of as a property of "mild non-independence", as the chain
exhibits only one-step dependence.

A sequence of random variable X, X1, ... that takes values in the likelihood space

of 1,2,... is known as a Markov chain if, for all n > 0, the following condition holds:

PXpi1 = ]an =0, X1 = iyt Xo = 1) = P(Xppyy = ]an =1 (2.16)

In this expression, P(X,;.; = j|X,, = 1) is referred to as the transition probability
or transition kernel from state i to state j.

The MCMC method has been widely used for exoplanetary atmospheric re-
trievals and exoplanet detections (Madhusudhan et al., 2011; Benneke and Seager,
2012; Line et al., 2013; Hou et al., 2012; Blunt et al., 2019; Nowak et al., 2020).
The method allows for efficient and extensive sampling of the posterior distribution
and enables the specification of prior distributions of the parameters, where applica-
ble. Despite its capabilities, the MCMC method has some limitations, particularly
in complex parameter spaces. For example, the MCMC method is not optimised
for calculating the evidence, which is computationally demanding. While this is
acceptable for parameter estimation of a given model, it makes it challenging to

conduct model comparisons when multiple models are plausible.

Nested Sampling

The Nested Sampling (NS) method has emerged as a powerful alternative to the
MCMC method in Bayesian inference (Skilling, 2004, 2006; Feroz et al., 2009) and
has been promptly adopted in exoplanetary atmospheric retrieval codes (e.g., Ben-
neke and Seager, 2012; Line et al., 2015; Waldmann et al., 2015b; Lavie et al., 2017;
MacDonald and Madhusudhan, 2017; Gandhi and Madhusudhan, 2018). Standard

MCMC methods can lead to problems in efficient sampling from multi-modal pos-
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terior distributions or those with large and curved degeneracies between parameters
(Feroz et al., 2010, 2019). Convergence can also be problematic for MCMC. The
NS algorithm and the MurLTiNEsT implementation (Feroz et al., 2009) aim to solve
both problems. Indeed, MuLTINEST is optimised for highly degenerate and multi-
modal posteriors and has found extensive applications in the astrophysical context
(Skilling, 2004; Feroz et al., 2009, 2010, 2011a,b; Bridges et al., 2009; Graff et al.,
2012; Karpenka et al., 2013).

Let us first remind that the evidence for a set of parameters X is:
& = fﬂ)(ylx, M)YPx, M) dx 2.17)

where & = P(y|M). In NS, this multidimensional integral is transformed into a
one-dimensional integral by exploiting the relation between the likelihood and prior

volume. The prior volumes is defined by (Feroz and Hobson, 2008):

2 (€)= f Px, M) dx (2.18)
PYRN)>E

where the integral extends over all regions for which the likelihood function is con-
tained within the iso-likelihood contour P(y|x, M) = £. Assuming that the inverse
of this equation is monotonically decreasing function of 2", the evidence, defined

by the Equation 2.17, can be written as:
1
PyM) = f PZHYAZ =& (2.19)
0

The evidence can then be approximated numerically using standard quadrature
methods. If the likelihood values P(%Z;) can be evaluated at a sequence of de-

creasing values 1 = Xy > X; > X, > ... > X); > 0, we have:

M
PN = ) P(Zw (2.20)

i=1

where the weights w; are obtained using the simple trapezium rule:

1
Wi = E(Xi—l - Xit1) (2.21)

The summation in Equation 2.20 is performed by drawing N, "live" random
samples (live points) from the full prior P(x, M), so that the initial prior volume 2
is unity (Feroz et al., 2009).
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These samples are sorted in order of their likelihood values, and the sample
with the smallest likelihood P(Z)) is removed from the live set. This sample corre-
sponds to the case with the worst fit to the data, and it is replaced by a point drawn
from the prior distributions, provided that its likelihood is larger than P(Zy). The
new prior volume contained within this iso-likelihood contour is a random vari-
able given by X; = 1, Xy, where ¢, has a distribution P(r) = Niivet™Vive=! . This is the
probability distribution for the largest of N, samples drawn uniformly from the
interval [0,1], and it represents the shrinkage in prior volume between consecutive
likelihood contours. The process is repeated as the contours sweep through the pa-
rameter space, and as the prior volume reduces in size, the algorithm travels through
"nested shells" of iso-likelihood contours, identifying the regions of highest likeli-
hood. The algorithm then stops when the product of the remaining prior volume
and maximum-likelihood value does not change by more than a specified tolerance.
Once the evidence is determined, the posterior distributions are computed using the
full set of discarded points (i.e., the points with the lowest-likelihood value at each

iteration 7). Each of these points is assigned a weight:

_ P(ylx, M)w;

iscarded,i — 2.22
Wadiscarded, PyIM) ( )

These samples can be used to infer the mean, standard deviations, covariances
etc., of the retrieved parameters or to compute marginalised posterior distributions.
Also, from posterior distribution can be obtained the maximum-a-posteriori (MAP)
estimate, as the mode of the posterior distribution.

The NS method has several advantages over other Bayesian inference methods.
One of the main advantages of the NS method is that it is designed to be highly
efficient for computing the Bayesian evidence for a given model, making it par-
ticularly desirable when comparing multiple models. By efficiently exploring the
model parameter space to compute the Bayesian evidence with high accuracy, the
NS method also naturally allows for high-density sampling of the posterior distri-
bution. This makes the NS method especially suited for handling complex model
parameter space with multimodal and non-Gaussian posterior distributions. Fur-
thermore, the optimisation algorithm is naturally parallelised, thereby significantly

reducing computation time.

Model selection

The Bayesian evidence allows us to select the best model, which is the one that

strikes the best balance between quality of fit and model complexity. By apply-
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ing the principle of Occam’s razor, we should avoid added complexity in a model
whenever a simpler model gives an adequate fit to the observations. In the Bayesian
framework, a more complicated model will have higher evidence only if it fits the
data significantly better than a simpler theory (Trotta, 2007).

To compare two models, M, and M,, we can define the ratio of the models’

probabilities, or Bayes factor:

_ P00ly) _ POG) PEIVG) _ POG) &
T PMly) T PO PIM) T POV &

(2.23)

Assuming the model priors are identical (P(M,) = P(M,)), we can simplify

Equation 2.23 to:
& _ PyIMy)

& PyIMy)

This is the ratio of the models’ evidence, and a value of B greater (less) than unity

By = (2.24)

represents an increase (decrease) in support in favour of model 2 over model 1.
Using Jeffrey’s scale (Jeffreys, 1998), an empirically calibrated scale shown in Ta-
ble 2.3, it is possible to qualitatively determine whether a more complex model is
strongly favoured, weakly favoured, or inconclusive. Such scale will be used in the

following chapter.

TaBLE 2.3: Jeffreys’scale and translation to frequentist significance values in favour of a more com-
plex model. Adapted from Trotta (2008).

[In By;| Probability "sigma" Interpretation

< 1.0 < 0.750 <20  Inconclusive
1.0 0.750 2.10 Weak evidence
2.5 0.923 270 Moderate evidence
5.0 0.993 3.60c  Strong evidence

For example, in the context of atmospheric retrievals, model selection can be
used to estimate the detection significance of detecting a specific molecular con-
stituent in a Bayesian framework. The Bayes factor between two models, including
(or excluding) a range of molecules, can be used to assess the preference for adding,

or removing, a given molecule.

2.4  ATMOSPHERICAL CHARACTERISATION THROUGH TRANSMIS-

SION SPECTROSCOPY

The spectrum of an exoplanet can be obtained using different techniques (see Figure

2.5). The primary transit allows us to obtain transmission spectra that probes the
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terminator region of the exo-atmosphere, which is the atmospheric region between
the irradiated and the dark side of the exoplanet. As the orbit continues, we can
monitor the received flux for different planetary orbital phases to characterise the
illuminated hemisphere gradually. Before and after the secondary eclipse we can
compare the flux received from the star with and without the exoplanet contribu-
tion to obtain the emission spectrum from the dayside of the latter. Additionally,
some systems allow for a direct imaging of the exoplanets, providing an isolated

measurement of the exoplanetary atmosphere.

Eclipse: Direct Imaging:
Removing “star” from “star plus Spatially resolving planet from
planet” flux reveals the planet's star allows measurement of
thermal emission or albedo: thermal emission or albedo.

- -
-
~
_— — — —
— — =
Transmission:
Planet's apparent size at Phase Curves:
different wavelengths reveals Total system light throughout an
atmospheric opacity and composition. orbit constrains atmospheric

circulation and/or composition.

FiGure 2.5: Observational approaches used to characterise the atmospheres of extrasolar planets.
Credit: Crossfield et al. (2015).

Understanding a planet atmosphere is not only crucial for comprehending the
planet itself, but also for gaining insight into its formation, structure, evolution, and
potential for sustaining life.

Over the past few decades, multiple techniques have been developed to study the
atmospheres of planets within our solar system, using both high- and low-resolution
spectroscopic measurements obtained from telescopes and spacecraft and in situ
measurements (e.g., [rwin et al., 2008).

However, analysing the atmospheres of exoplanets presents unique challenges
when compared to those within our solar system, because exoplanets can be ob-
tained only remotely and are inherently disk-averaged over the spatially unresolved
planet. Furthermore, exoplanetary spectra are very faint, resulting in lower signal-
to-noise ratio (SNR). In some cases, the planet-star contrast is comparable to the
noise level, which strongly limits our sensitivity. Finally, the parameter space of
exoplanetary atmospheres is much wider than that of solar system planets. For ex-
ample, the equilibrium temperatures of most solar system planets lie below 300 K,
while those of exoplanets extend until ~ 3000 K. Similarly, all other atmospheric

parameters have a wide range, implying an enormous complexity and diversity in
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exoplanetary atmospheres that go beyond what we have experienced in the solar
system.

From the spectrum of an exoplanet, obtained for example from transmission
spectroscopy, we can extract information about the chemical compositions, tem-
perature profiles, clouds/hazes, and energy circulation. These properties, in turn,
can provide key insights into the atmospheric physical and chemical processes of
exoplanets, as well as their formation mechanisms.

This is where "atmospheric retrieval" comes in. Atmospheric retrieval tech-
niques are nowadays commonly used to interpret the observed data, and with the
new data provided by JWST and future dedicated missions, such as Ariel, this ap-
proach will be even more fundamental to characterise exoplanets atmospheres.

In the following sections, I will discuss the use of retrieval methods to interpret
transmission spectroscopy. In particular, I will present TauREx (Al-Refaie et al.,

2021), a novel inverse retrieval code for exoplanetary atmospheres.

2.4.1 'TRANSMISSION SPECTROSCOPY

As the exoplanet transits between its parent star and the observer, some of the light
from the host star passes through the exoplanet atmosphere and is both scattered and
absorbed by the molecules contained within. A differential spectroscopy approach
is used to obtain the transmission spectrum that encodes the absorption from the
exoplanet and the composition of the upper layer of the terminator. Essentially,
the exoplanetary spectrum is derived by subtracting the out-transit spectrum from
the in-transit spectrum, and then normalising it by the out-transit spectrum. The
resulting observed transmission spectrum therefore carries with it the signatures of
that planet atmospheric contents. The transit geometry enables us to investigate a
small yet crucial fraction of the exoplanetary atmosphere, specifically the annulus
that corresponds to the terminator region, that lies between the day and night side
of the exoplanet.

The stellar wavelength-dependent intensity /,, crossing the medium will be al-
tered by its interaction with matter. The intensity I, is defined as the amount of
radiant energy dE, per time interval dt and wavelength interval dA, crossing an
element of area dA, in the direction of a differential solid angle d€, at an angle 6

to the normal of dA. This is expressed as:

L dE,
17 cos0dQdAdtdA

The general form of the radiative transfer equation Chandrasekhar (1950) de-

(2.25)
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scribes the amount of change in radiation d/, along a small distance d!

dl, = —IAO'Adel + ]/ledl (226)

where I, is the intensity of the radiation, py is the number density of the medium,
and o, is the absorption or extinction cross-section for radiation of wavelength 4, j,
is the emission coefficient. The first part of the right-hand side term is the reduction
in radiation intensity through the gas, and the second part is the strengthening of the

signal due to contributing emission sources within the gas.

The radiative transfer equation can be written as:

I
al, =1, +J, (2.27)
oondl

Where the source function, J,, is defined as the ratio of emission and absorption
in the gas: .
J=2 (2.28)
(9]
Considering only the extinction properties of a gas, the wavelength-dependent

radiation change through a medium can be expressed as:

dl,
=-1 2.29
opndl ! ( )

This relation expressed the attenuation of the stellar radiation traversing the planet

due to the interaction with the atmospheric matter during transit.

The solution to this equation for the intensity at a distance / is:

[y
L) = 1l exp - f 7wl (2.30)

lo

We can define the wavelength dependant global optical depth 7,, at a given

wavelength A as:

[y
T/l:f oondl (2.31)
lo

If we consider a given altitude z above R, = z(po) in the atmosphere of the

planet, the simple expression of the Beer-Bouguet-Lambert law is derived:

Li(T(2)) = Li(T2(0))e™ ™ (2.32)
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The optical depth at the altitude z along a certain path can be described as:

N, gas

l(z)
1@ =Y [ @) 233)
i=1 V0
where N, is the total number of molecules in the atmosphere, y; is the mixing ratio
of molecule i, 0, is the absorption cross section of molecule i at wavelength A, and

oy is the number density in m=.

Fi1GURE 2.6: Illustration of the paths of the stellar photons filtered through the planetary atmosphere
during a primary transit observation. Adapted from Tinetti et al. (2012).

The path followed by the stellar photons can be easily calculated using the ge-
ometry shown in Figure 2.6, where:

dl = 2( VR, + 2 +d2P = Ry + 2P = R, + 2P — (R, + z)l) (2.34)

with R, z, z’ and dz defined in Figure 2.6. This leads to:

I(z) = f dl'= \[(Ry + 2ar)? ~ (R, + 22 (2.35)

Finally, Equation 2.33 can be converted to an equivalent area, A(1), by integrat-
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ing along all viewing paths:
Zmax
A =2 f (R + z)(l ~ e_T“’Z))dz (2.36)
0

When the equivalent area A(A1) is computed, the total transit depth as a function
of wavelength can be expressed as:
R2 + A1)
k(1) = ”T (2.37)
where R, and R, represent the planet and star radius, respectively (Tinetti et al.,
2012).

2.4.2  SPECTRAL RETRIEVAL OF EXOPLANETARY ATMOSPHERE

Atmospheric retrieval techniques for exoplanets have been developed to address
the "degeneracy problem". Initial molecular detections were based on few chan-
nels of infrared photometry and low-resolution spectrophotometry with low SNR
(e.g., Barman, 2007; Tinetti et al., 2007; Grillmair et al., 2008; Swain et al., 2008).
Temperature inversions in hot Jupiters were initially identified through broadband
photometric observations (e.g., Knutson et al., 2008, 2009; Burrows et al., 2007,
2008). These deductions were made using a limited set of forward models that
assumed temperature profiles and molecules that qualitatively matched the data.
To overcome these limitations and provide a more robust framework for deriving
atmospheric properties of exoplanets, the concept of atmospheric retrieval was in-
troduced (Madhusudhan and Seager, 2009).

Retrieval is synonymous with fitting an atmospheric model to an observed spec-
trum and estimating the model parameters along with uncertainties.

Figure 2.7 shows a schematic representation of atmospheric retrieval for ex-
oplanets. The retrieval process comprises two separate frameworks: the forward
model framework responsible for constructing the forward model, and the retrieval
framework responsible for fitting the forward model to observations. The forward
model 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 calcu-
lated under equilibrium conditions in such models, with the possibility of including
clouds.

An atmospheric retrieval code has two main components:
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Forward Model
Framework

Temperature Planet

Chemistry

Forward Model

Pressure ; E Retrieval
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Instrument
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FiGuRre 2.7: The overall structure of atmospheric retrieval. Highlighted is the two framework struc-
ture of the complete framework: the forward model framework responsible of the construction of
the forward model and the retrieval framework responsible for the fit of forward model against an
observation (spectrum). Figure adapted from Al-Refaie et al. (2021).

e a parametric model to compute the atmospheric spectrum for given atmo-

spheric parameters;

e an optimisation algorithm, which is a statistical inference method that ex-
plores the model parameter space in search of models that fit the data. In the
process, it creates posterior probability distributions of all the model parame-

ters.

The parameters for forward models used in retrievals correspond to three broad
properties: chemical composition, P-T profile and clouds/hazes. The chemical com-
position of the atmosphere is represented by the volume mixing ratio of the species,
such as the number density of each species relative to the total number density. Typ-
ically, for H,-rich species, the prominent absorbers such as H,O, CO, CHy, 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 atmosphere (Ben-
neke and Seager, 2012; Kreidberg et al., 2014; Barstow et al., 2017; MacDonald
and Madhusudhan, 2017; Line et al., 2015).

In the following, I will introduce TauREx (Waldmann et al., 2015b,a), a retrieval
code used to analyse exoplanetary transmission and emission spectra. It has been
widely applied in the study of exoplanetary atmospheres, as evidenced by several
applications (e.g., Tsiaras et al., 2019; Rocchetto and Waldmann, 2015; Drossart
et al., 2022; Zhou et al., 2022; Bocchieri et al., 2022).
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2.4.3 TauREX: A RETRIEVAL CODE FOR EXOPLANETARY ATMOSPHERES

Tau Retrieval for Exoplanets (TauREx) is a radiative transfer fully Bayesian retrieval
framework commonly used to model and analyse exoplanetary atmosphere spectra
(Waldmann et al., 2015b,a). The code has undergone several optimisations and im-
provements, culminating in a major release (Al-Refaie et al., 2021). It can be used
to simulate different atmospheric configurations with various star-planet systems
and perform retrievals using highly accurate line lists from the ExoMol (Tennyson
et al., 2016), HITEMP (Rothman and Gordon, 2014) and HITRAN (Gordon et al.,
2016) database to build forward and retrieval models.

A schematic view of input parameters and their dependencies within the forward
model is shown in Figure 2.8.

Figure 2.9 presents an example of a high-resolution spectrum (in blue) and a
low-resolution spectrum (in orange). The low-resolution spectrum is obtained by
convolving the high-resolution spectrum with an instrumental model, simulating
how it would appear when observed by Ariel.

The one-dimensional radiative transfer models included in TauREx assume a
plane-parallel atmosphere and consider molecular absorption, Rayleigh scattering,
collision-induced absorption, and flat opacity clouds.

To determine the altitude profile z at each layer /, TauREx employs the following

equations:
=7 + Az (2.38)
P
AZ] = _Hl—l log(—l) (239)
Py
kgT
H=-2! (2.40)
8
20=0 (2.41)

Here, P;, T}, u;, g and H, are the pressure, temperature, mean molecular weight,
acceleration due to gravity, and scale-height at layer /, respectively. Az; denote the
change in altitude from layer [ — 1 to [, and [ = O represents the bottom of the
atmosphere, where TauREx defines the planetary radius (Al-Refaie et al., 2021).
By assuming hydrostatic equilibrium and applying the ideal gas law, the number
density at each atmospheric level / can be computed as:
P

= 2.42
PN, ksT, ( )

where kg is the Boltzmann constant.
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Ficure 2.8: A flow graph describing the input parameters and their dependencies within the forward
model. The large blue boxes describe the class of TauREx in which we have to set the parameters
and the red arrows describe the property they provide to the forward model. The grey boxes describe
atmospheric properties produced within the forward model. Figure adapted from Al-Refaie et al.
(2021).
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FiGure 2.9: Example of a high-resolution spectrum obtained with TauREx forward mode (in blue)
and a low-resolution spectrum obtained convolving the high-resolution spectrum through an instru-
mental model in order to obtain a spectrum as observed by Ariel (in orange). The errorbars were
obtained simulating the noise with ArielRad taking into account the number of transit required for
the Tier-2.
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The scale height at each atmospheric level [ is determined by Equation 2.40,

while the mean molecular weight is calculated as:

N, gas

M= Z)(n,lmmol,n (243)

where N, is the number of molecular species in the atmosphere, while y,;, and
Mo, are the mixing ratio at layer / and the molecular weight of species n, respec-
tively.

Furthermore, the gravity is given by:

GM,

o (2.44)

81
where z; is the altitude at the [-th layer, R, and M, are the radius and the mass of

the planet, and G is the gravitational constant.

In order to calculate the altitude at each pressure level (see Equations 2.38 and
2.39), it is necessary to compute the scale height (Equation 2.40), which requires the
computation of the gravity (Equation2.44), which, in turn, requires the computation
of the altitude. This can only be achieved with an iterative process. In TauREX, the
gravity and scale height of the zeroth layer are firstly computed. Then, the change
in altitude of the next layer is simply given by Equation 2.39. Using the value of Az
for the zero-th layer, the gravity and scale height at the top of the zero-th layer (and,
equivalently, bottom of the first layer) can be computed. This computation is then
repeated iteratively until the top of the atmosphere is reached.

Rayleigh scattering and collision-induced absorption for H,-H, and H,-He pairs
are also taken into account by simply including these two sources of opacity in
the computation of the optical depth for each path length using pre-computed cross
sections and relative abundances of each species. Collision induced absorption cross
sections are taken from HITRAN (Richard et al., 2012; Gordon et al., 2016) as well
as from Borysow et al. (2001) and Borysow (2002).

As shown in the equation above, the scale height can be expressed as:

kTR, + 2

2.45
1 (2.45)

!
and can be used to predict the degeneracies expected in retrieval simulations. Changeat
et al. (2020) discussed that in the case of a cloudy atmosphere, degeneracies may
exist as R, cannot be accurately detected below the cloud deck. Additionally, for the

secondary atmosphere, a wider range of main atmospheric components may exist,

44



2.5. CHALLENGES FOR THE DETECTION AND CHARACTERISATION OF EXOPLANETS

and therefore i is degenerate with M,,. In Chapter 3 I investigated the relevance of
planetary mass knowledge in spectral retrievals, identifying the cases in which mass
measurements are required for clear or cloudy, primary or secondary atmospheres,

as well as the required precision, in the context of the ESA M4 Ariel Mission.

2.5 CHALLENGES FOR THE DETECTION AND CHARACTERISATION

OF EXOPLANETS

In the previous sections, the importance of characterising both exoplanets and their
host stars in terms of their masses and radii has been emphasised. For instance,
accurate estimates of planetary mass and radius through radial velocity and transit
techniques rely on precise measurements of the stellar mass and radius. However,
limitations in the detection and characterisation of an exoplanet can arise from var-
1ous sources, which depend on the specific planet, star, and instrument used. For
instance, some stellar systems may mimic planetary transits, creating false alarms
in the search for transiting exoplanets. Also, non-white noise components due to at-
mospheric effects, such as telluric or moon contamination, can limit ground-based
observations, while instrumental effects, such as hot pixels caused by cosmic rays
or telescope jitter due to thermal shocks, can affect space- or ground-based obser-
vations.

Additionally, precise and accurate characterisation of exoplanets cannot be dis-
sociated from the characterisation of their host stars. For example, the transit mea-
surements only provide us with the planet-to-star radius ratio, while the mass pro-
vided by radial velocity measurements is dependent on the stellar mass. The deriva-
tion of these important planetary parameters, which are fundamental for testing
theoretical predictions of planetary structure, are strongly connected to the effective

temperature (Teg), surface gravity (log g), and the metallicity of the star.

2.5.1 INFLUENCE OF HOST STARS PARAMETER ESTIMATES ON THE EXOPLAN-

ETS CHARACTERISATION

The characterisation of planets, including their mass, radius, density and age, de-
pends on the characterisation of their host star. The accuracy and the precision of
the planet properties fundamentally rely on the achieved accuracy and precision of
the host star properties. Unfortunately, direct measurements of the physical proper-
ties of stars are rare and only feasible for specific targets. The physical properties

of host stars are typically derived by using theoretical stellar evolutionary models.
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Therefore, the final accuracy and precision of stars and their planets strongly de-
pend on the uncertainties in the stellar model parameters. However, in exceptional

cases, planetary properties can be derived without using stellar models.

Precise dynamical masses can be obtained for double-lined and single-lined
eclipsing binaries, as well as for non-eclipsing double-lined spectroscopic binaries
if astrometric orbits of the star are known (Torres et al., 2010). The spectroscopic
surface gravity and luminosity of the star, given the effective temperature is known,
can also be used to estimate the stellar mass with good precision (Sousa et al.,
2011), as well as mass-luminosity relations with a precision below 10% (Xia and
Fu, 2010). Finally, stellar masses can be determined by comparing the observed
stellar properties with stellar evolutionary tracks (e.g., Johnson et al., 2010; Sousa
et al., 2015).

Concerning the stellar radius, interferometry is one of the most accurate meth-
ods for determining the radii of stars by measuring their angular size. This technique
provides direct radius measurements with a precision of 1-3% on the angular diam-
eter (Boyajian et al., 2013). Lunar occultations can also be used to determine the
angular size and linear radii of stars, albeit it is limited to specific cases, providing
radii with a precision down to 3% (Richichi, 1997). Furthermore, the stellar radii
can be obtained from stellar evolution models by using the luminosity and the effec-
tive temperature of the stars (e.g., Torres et al., 2006), or for transiting systems, from
the stellar density derived directly from the light curve and the T.s (e.g., Sozzetti
et al.,, 2007). In addition, asteroseismic quantities combined with T,y and stellar
metallicity can be used to derive the radii of exoplanet hosts, providing stellar radii
with a precision of 2-4% (e.g., Chaplin et al., 2014).

Direct measurement of stellar ages is not possible, and therefore, the use of
stellar models is typically required to estimate ages. The most common methods
used for this purpose are isochrone placement and asteroseismology (e.g., Takeda
et al., 2007; Campante et al., 2015), with precision levels of around 20-30% for
isochrone placement and 10-20% for asteroseismology. However, both methods
rely on knowledge of the atmospheric parameters of the star. Alternatively, em-
pirical relations calibrated between age and rotation period (e.g., Barnes, 2007),
age and chromospheric activity (e.g., Mamajek and Hillenbrand, 2008), or age and

chemical abundance ratios (e.g., Nissen, 2015) can be used to derive stellar ages.

Accurate and precise determination of stellar atmospheric parameters, includ-
ing effective temperature (T.gs), surface gravity (log g), and metallicity/chemical
abundances, is crucial for fully characterising exoplanet host stars. The most com-

monly used and accurate techniques for deriving these parameters rely on stellar
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spectroscopy, with main spectral analysis techniques such as the Equivalent width
(EW) method and the spectral synthesis method. In addition, precise determina-
tion of individual heavy element abundances and specific elemental ratios in stars
with planets is also important, as they are expected to influence the structure and

composition of terrestrial planets (e.g., Grasset et al., 2009; Dorn et al., 2015).

2.5.2 STELLAR ACTIVITY

Stellar variability is one of the sources of correlated noise that can strongly contam-
inate the planet signal in the stellar light curve and radial velocity time-series. The
main cause of stellar variations is stellar magnetic activity.

Stars that have a convective envelope are capable of generating and amplifying
magnetic fields. The stellar magnetic field is believed to be produced and main-
tained by a dynamo that arises from the coupling between differential rotation and
convection in the inner layers of stars. These magnetic fields, produced within the
stars, also emerge outside of them (Wright and Drake, 2016).

Therefore, stars exhibit magnetic activity resulting from the interaction between
their own stellar magnetic field and the plasma present in the photosphere, chromo-
sphere, and corona, giving rise to a class of phenomena such as stellar flares, spots,
faculae, and prominences, observed in a wide range of stars.

Magnetic activity is a characteristic of late-type stars, such as those with a mass
similar to or less than that of the Sun, including M stars, which have a convective
envelope. Substellar objects, such as brown dwarfs, also show signs of magnetic
activity, although weaker than solar-type stars or M stars, showing a strong depen-
dence on the mass and age of the star (e.g., Stelzer et al., 2006). The most significant
magnetic activity is observed in young main-sequence stars (e.g., Pizzolato et al.,
2003; Jarvinen et al., 2007; Brown et al., 2022).

The evidence of stellar magnetic activity phenomena is mostly indirect and man-
ifests itself through the presence of typical spectral characteristics and variability.
From an observational standpoint, stellar magnetic activity appears as an excess of
emission compared to stellar photospheric radiation with contributions throughout
the electromagnetic spectrum, from radio to X-ray regimes. These emissions are
associated with plasma heated through magnetic processes at temperatures ranging
from 10* K in the chromosphere to over 10° K in the corona (Giidel, 2004). In the
optical band, different behaviours are seen in spectral lines due, for example, to the
presence of spots.

Only in the Sun, thanks to its spatial resolution, is it possible to understand the

complex inhomogeneity that characterises magnetic activity. Phenomena of mag-
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netic activity are connected and determined by the surface magnetic fields located
in sunspots, active regions, faculae, flares, and coronal loop structures (Houdebine
et al., 2009).

These phenomena produce photometric and spectroscopic stellar variability on
time scales ranging from a few tens of seconds, in the case of flares, to days to
weeks (stellar rotations), and from months to years (stellar activity cycles). The
amplitudes of these variations are maybe comparable to or larger than the amplitude
of planetary signals.

Stellar activity depends on stellar type/mass, and rotation that evolves with age.
The dependence on stellar age comes from the stellar rotation rate driving the dif-
ferential rotation between the stellar core and the convective envelope, which is the
magnetic field production mechanism for main sequence stars. Stars rotating faster
display a higher activity level. Young stars have larger rotation rates (i.e., are more
active) as they have gained angular momentum through contraction under gravity.
The slight dependence on mass also comes from star ability to form a radiative core,
as radiative pressure will halt the stellar contraction. The stars then stop gaining an-
gular momentum, and the dissipation of its angular momentum through magnetic
breaking will force the star to spin down, thus reducing the activity level for older
stars (see Favata and Micela (2003); Schrijver and Zwaan (2000)).

The photometric and radial velocity amplitude of stellar variability can easily be
larger than the amplitude of the signal of a planet, affecting the detection of the latter
by creating false alarms and impacting the amplitude of the real signal, especially
for small planets. Stellar variability also hinders the characterisation of the detected
planets as it adds correlated noise to the planet signal, reducing the precision and

altering the accuracy of the derived planet parameters.

For example, as a star rotates, a stellar spot on its surface can hide a part of the
stellar surface rotating towards us, and then a part rotating away from us, creating
red-shifted and blue-shifted perturbations respectively. This can mimic the presence
of a planet, altering the radial velocity time-series. The stellar activity component
due to spots and plages is difficult to remove, as their amplitude in radial velocity
can be larger than that of the planet signal. Techniques to identify radial velocity
variations due to stellar activity at long times scales include photometric observa-
tions of the star simultaneous with the radial velocity measurements, the analysis
of the correlation between the radial velocity variations and the variations in the
bisector of the cross-correlation peak of the stellar spectra, or with the variations in
Can H&K lines, Ha line and He I line. In this thesis, I will deal with spot influence

on radial velocity determination in Chapter 5, and I will study the principal activity
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indicators in Chapter 6.

Activity indicators

Some lines, including some in the optical band, are indicators of chromospheric ac-
tivity and represent a fundamental diagnostic of the structure and variability of this
region. These lines have sufficiently high absorption coefficients, so that a signifi-
cant portion of the line originates in the outer layers of the atmosphere, particularly
in the chromosphere. Therefore, the study of these lines allows us to monitor the
amount of material present in the chromosphere, its physical conditions, and how it
is affected by magnetic activity.

The Caun H (1 = 3968 A) and K (1 = 3933 A) lines, and the Mg Il h (1 =
2803 A) and k (1 = 2796 A) lines are the indicators of chromospheric brightness
and activity traditionally studied in cool stars. Other indicators of chromospheric
gas are represented by hydrogen lines, in particular the Ha line at 6563 A, the Can
triplet (1 = 8498 A, 1 = 8542 A, 1 = 8662 A) in the infrared, and the He I lines (1
=5876 A and A = 10830 A) (Schofer et al., 2019).

In the solar chromosphere, the most intense lines are represented by Ca, while
Balmer emission in M stars is much greater than the other chromospheric lines
(Linsky et al., 1982; West et al., 2004). Together with the low emissivity of M stars
in the blue, this makes the He line the main chromospheric activity indicator in stars
of this spectral type. Some M stars also have an intense Can line, in particular, the

Can K line. Particularly active M stars have the He line in emission.

Ha and Cau K correlation

The Ha and Can K lines are two of the most intense emission lines in the optical
band in the spectra of active M stars (Sundland et al., 1988; Mauas and Falchi,
1994).

Within the M spectral class, there is a high variability in the emission intensity
of the Can K line and a wide variety of spectra in which the Ha line may appear in
absorption or emission (Walkowicz and Hawley, 2009). The Ha line, particularly
the core of the line, is an indicator of the hottest regions of the chromosphere (=
7000 K), while the emission component of the Can K line is formed in the cooler
regions, between the minimum temperature and 6000 K (Giampapa et al., 1982;
Walkowicz and Hawley, 2009). Together, the Ho and Cau K lines offer comple-
mentary information about the chromospheric structure (Walkowicz and Hawley,
2009).
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The topic of an ongoing discussion is the "zero point" of chromospheric activity,
which allows us to define a criterion for identifying chromospheres with minimal
magnetic activity. Young et al. (1984) argue that the zero point of chromospheric
activity is defined by an intense Ha absorption line. In contrast, Stauffer and Hart-
mann (1986) claim that the evolution of the line as a function of chromospheric
activity can go from an absorption line that becomes increasingly intense and only
begins to fill gradually with emission at higher levels of activity. In this scenario,
stars that do not have a chromospheric contribution, in which there are no intense
absorption lines, and stars with moderate magnetic activity, in which the line is par-
tially filled but still in absorption, both present a weak Ha absorption line. There-
fore, without the use of additional indicators of chromospheric activity, such as Can
K, it is difficult to distinguish between stars with intermediate activity and inactive

stars.

J14257+236W
(M0.0, Ha inactive)

J18174+483
(M2.0, Hox active)

Jeffers+18

this work

norm. flux + const.

J22468+443*
(M3.5, flare)

J22468+443
(M3.5, Ha active)

J02530+168
(M7.0, Hox active)

0
0 6540 6550 6560 6570 6580 6590
A1A

Ficure 2.10: Selection of spectra around the Ha line: an inactive M0.0 star (J14257+236W, in
black), a moderately active M2.0 star (J18174+483, in purple), an active M3.5 star (J22468+443)
during a flare (in green), in quiescent state (in light blue), a moderately active M7.0 star
(JO02530+168, in orange). Adapted from Schifer et al. (2019)

Figure 2.10 shows the diversity of the Ha line in M stars with different activity
levels. In inactive stars (black spectrum), the line appears in absorption, while it be-
comes an emission line for moderately active stars (purple spectrum). Furthermore,
it is evident how the intensity of the line also varies with the level of activity of the
same star, showing greater intensity during a flare (green spectrum) compared to its
quiescent state (light blue spectrum).

Several previous studies have investigated the correlation between the Ha and
Camn K lines in various M stars (Robinson et al., 1990; Rauscher and Marcy, 2006;
Cincunegui et al., 2007). However, both Robinson et al. (1990) and Cincunegui
et al. (2007) argue that time-resolved observations of the Ha and Can K lines are

not always positively correlated, and that the correlation is due to the spectral type
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of the sampled stars rather than the properties of their chromospheres (Walkowicz
and Hawley, 2009).

Additionally, previous studies have analysed this correlation using observations
obtained at different epochs of a particular star. However, in active M stars, both
Can K and Ha vary on timescales ranging from minutes to decades. Therefore,
comparing line measurements obtained from non-simultaneous observations can
lead to inaccurate results. For these reasons, the relationship between these impor-

tant activity indicators is still uncertain.

Walkowicz and Hawley (2009) conducted a study using simultaneous observa-
tions to verify whether the observed correlation between these activity indicators is
due to a continuum effect, i.e., related to the different T.g, or if there is actually a
relationship between these lines in particularly active chromospheres. This study
showed that for stars with weak or intermediate activity, there is a range of vari-
ability in the equivalent width of the Can K emission line corresponding to less
variability in the Ha absorption line. It is also observed that the Ha line may appear
in absorption in stars with low activity, and it increases along with the Can K line
with increasing stellar activity. The Hea line, therefore, fills up until it becomes in

emission in more active stars, as observed by Stauffer and Hartmann (1986).

The positive correlation between Can K and Balmer emission in individual ob-
servations of active stars does not necessarily imply that these chromospheric indi-
cators are always positively correlated over time for every star. In the scenario pro-
posed by Walkowicz and Hawley (2009), increased chromospheric emission would
correspond to a greater presence of active regions on the stellar surface due to a
stronger influence of the magnetic field. If Can K and Ha are produced by cool and
hot components, respectively, one would expect that greater chromospheric heating
would result in increased emission in both lines, with a greater contribution from
the hotter component. The relationship between the two lines will become more de-
coupled as the hotter active component becomes more prominent (Walkowicz and
Hawley, 2009).

In a study by Scandariato et al. (2017), the correlation between the total flux of
Can H&K lines and the flux of the Ha line was analysed for a sample of 41 stars

with varying metallicity and temperature.

In the left panel of Figure 2.11, the emission flux of the He line, Fy,, is shown
as a function of the irradiated flux of the Can H&K doublet, Fyx, obtained by sum-
ming the fluxes of the H and K lines. The central panel shows the same plot using
the average values of the measured fluxes of these lines in question. In the right

panel, a similar graph shows the trend of the fluxes of the mentioned lines, separat-
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Ficure 2.11: Left: close-up view of the Fyk vs. Fgo diagram. Colours code the metallicity of
the stars as shown in the legend. Black crosses represent the typical measurement uncertainties at
different activity levels. Middle: same as in the left panel for the median of the flux measurements.
For each star, the error bars represent the median absolute deviation of the measurements shown in
the left panel. Right: the same as in the left panel, representing each star with the corresponding
linear fit to its flux-flux values. Gray lines mark best fits with low statistical significance, while
black lines represent p-values lower than 1% based on Spearman’s correlation test. Adapted from
Scandariato et al. (2017)

ing the sample of analysed stars according to a threshold temperature value of T.g =
3745 K. In this study, an increase in Fyg with fixed Fp,, as a function of metallicity,
is not evident. Similarly, the trend of the line fluxes does not seem to be correlated
with the temperature of the star. Probably, the range of metallicity and temperature
of the analysed stars is not wide enough to highlight significant correlations with
these parameters (Scandariato et al., 2017). However, this study shows that the re-
lationship between the fluxes of the Ho and Can H&K lines is not monotonic. In
fact, observing the central panel shown in Figure 2.11, it can be noted that the flux
of the Ha line initially has a decreasing trend as the Can H&K flux increases, then it
goes below zero for values < Fygx > 1075 erg cm™2 s7!, and finally has an increasing
trend along with the Fyx flux. Similar results have been obtained by Robinson et al.
(1990). From a theoretical point of view, these results are predicted by chromo-
spheric models (Cram and Mullan, 1979; Cram and Giampapa, 1987; Houdebine
and Stempels, 1997). According to these models, the most plausible scenario is
that the Canm H&K emission lines are collisionally dominated, so the irradiated flux
increases with increasing pressure. On the other hand, the He line is dominated by
radiation; the increase in optical thickness initially leads to a deeper absorption line
until the electron density is high enough to bring the line into a collision-dominated
formation regime that fills the line (Scandariato et al., 2017). Active stars therefore
exhibit both the Cau K and Ha emission lines, and the most active stars have a more

intense emission in both lines.




CHAPTER 3

Exploring the effects of planetary

mass on atmospheric retrieval

The content of this chapter has been published in the journal Astronomy & Astro-
physics, volume 669, as the article with the title "Analysis of the planetary mass

uncertainties on the accuracy of atmospherical retrieval" (Di Maio, C. et al., 2023).

3.1 INTRODUCTION

In the last decade, our knowledge of exoplanet atmospheres has been revolutionised.
The majority of planets for which detailed atmospheric information is available have
been shown to transit their parent star. The atmospheres of about sixty exoplanets
have been observed using transmission spectroscopy. By modelling the transmis-
sion spectra of exoplanets, we are able to extract information about various proper-
ties and processes in the atmosphere (Charbonneau et al., 2002; Tinetti et al., 2007,
Swain et al., 2008; Kreidberg et al., 2014; Schwarz et al., 2015; Sing et al., 2016;
Hoeijmakers et al., 2018; de Wit et al., 2018; Tsiaras et al., 2019; Brogi and Line,
2019; Welbanks et al., 2019; Edwards et al., 2020; Changeat and Edwards, 2021;
Changeat et al., 2022; Roudier et al., 2021; Yip et al., 2021a). This is commonly
done through a forward model, which generates a spectrum from atmospheric pa-
rameters, and a parameter estimation scheme, which samples the parameter space to
calculate the probability distribution of the set of parameters. This method, called
"atmospheric retrieval”, has become a fundamental tool for explaining individual
observations from transit, eclipse, and phase curve spectroscopy at both low and
high resolution.

With NASA’s Kepler (Borucki et al., 2010) and Transiting Exoplanet Survey
Satellite (TESS, Ricker et al. (2015)) the numbers of transiting planets is increased
significantly and a number of them have been already identified a large number of
targets suitable for atmospheric characterisation with the Hubble Space Telescope
(HST), Spitzer, as well as the James Webb Space Telescope (JWST, Greene et al.

(2016)). A new generation of observatories from space and the ground and dedi-
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cated missions will come online in the next years, offering broader spectral cover-
age, and higher SNR, allowing us to study a significantly larger number of targets.
The ESA-Ariel mission (alone) was designed for this purpose: it will provide tran-
sit, eclipse, and phase-curve spectra of about one thousand of planets. It is expected
to revolutionise our understanding of the physical and chemical properties of a large
and diverse sample of extrasolar worlds. To maximise the science return of Ariel,
the observations will be performed in four tiers with more demanding objectives
(Tinetti et al., 2021), each one with different binning of the spectra in order to reach
the required signal-to-noise ratio, and for a decreasing number of targets aiming
to obtain both an unprecedented statistics of planetary atmospheres and their full
characterisation for a number of benchmark cases.

Most of the planets with mass measurements, mainly coming from radial veloc-
ity follow-up confirmations, have typical error bars of the order of 10%, in particular
for planets with M > 0.1 M. Planets smaller than Neptune have larger mass errors,
often larger than 40-50%; while in a number of cases, the mass planet is completely
unknown. Given the role of mass in the scale height of an atmosphere (eq. 2.40),
this uncertainty may contribute to the degeneracy in retrieving the mean molecular
weight of the atmosphere, especially when clouds are present (Batalha et al., 2019).
In addition, de Wit and Seager (2013) showed that the next-generation of transmis-
sion spectra would contain the information necessary to independently constrain the

mass of an exoplanet based on its temperature, pressure, and composition profile.
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Ficure 3.1: Mass-Radius distribution of the planets of the Mission reference sample (MRS) for

which we have an estimation of the mass. In red we highlighted the targets analysed in this work
(data courtesy of Edwards).

In a previous work, Changeat et al. (2020) using a set of simulations performed
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an atmospheric retrieval to study the influence of the knowledge of the planetary
mass on the retrieved parameters. In particular, these authors found that for clear-
sky gaseous atmospheres, the results obtained when the mass is known or retrieved
as a free parameter are indistinguishable. In the case of secondary atmospheres, the
retrievals are more challenging due to the higher degree of freedom for the atmo-
spheric main components. In cases where clouds are added, the mass uncertainties
may substantially impact the retrieval due to the degeneracy with the mean molec-
ular weight.

In this context, I aim to understand how precisely we ought to measure the
planetary mass in order to robustly characterise the atmosphere.

According to Edwards and Tinetti (2022), the Mission reference sample (MRS)
of Ariel will contain a selection of planets that could be observed in the prime mis-
sion lifetime. About 2000 will be included in the MRS and about half of them will
be actually investigated by Ariel. Today about 570 of them are confirmed planets
and for ~ 500 of them, we have an estimate of the mass. In Fig. 3.1 I reported
the mass-radius relation for the planets that have a measured mass (blue dots), and
a theoretical mass (orange dots) and I highlighted with the targets analysed in this
work red dots.

The results of this work could provide input for the radial velocity campaigns
that should therefore prioritise the most impacted planets. This paper is organised
as follows. I refer the reader to the previous Sections 2.1.3 and 2.4.1 for an overview
of the ESA M4 Ariel Mission, and the transit spectroscopy and to Section 2.4.2 for
an overview of the atmospheric retrieval. I describe the methodology used for the
retrieval analysis in Section 3.2.1. In Section 3.2.2 I present the analysis performed
for the primordial atmosphere cases. The impact of the signal-to-noise ratio on the
atmospheric retrieval is discussed in Sect. 3.2.3. Section 3.2.4 and Section 3.2.5
present the retrieval analysis of the clear and cloudy secondary atmosphere cases.
The conclusions and a summary of this work follow in Section 3.2.6.

Specific analysis of a sample of planets that will be observed by Ariel is the
subject of Chapter 4.

3.2 RETRIEVAL ANALYSIS

3.2.1 METHODOLOGY

In order to analyse the atmospheric retrieval accuracy and how this depends on the

planetary mass uncertainties I used the open-source TauREx 3.1, the new version
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of TauREx (Waldmann et al., 2015a,b). This fully Bayesian inverse atmospheric
retrieval framework (Al-Refaie et al., 2021), is useful in simulating different atmo-
spheric configurations with different star-planet systems and performing retrievals
(see Section 2.4.3 for a detailed description of TauREXx). It uses the highly accurate
line lists from the ExoMol (Tennyson et al., 2016), HITEMP (Rothman and Gordon,
2014) and HITRAN (Gordon et al., 2016) database to build forward and retrieval
models. In my study, the molecular cross sections were taken from ExoMol (H,O,
Polyansky et al. (2018); CO, Li et al. (2015); CHy, Yurchenko et al. (2017)).

For each tested case I used TauREx in forward mode to generate a high-resolution
theoretical spectrum. I focused only on transit spectra. I specified the main proper-
ties of the star and the planet and the main constituents of the atmosphere using their
relative abundances. Then, by convolving the high-resolution spectrum through the
instrument model (ArielRad v. 2.4.6, Mugnai et al. (2020), Ariel Payload v. 0.0.5,
ExoRad v. 2.1.94), I simulated a spectrum as observed by Ariel and used it as the
input of the retrieval. The instrument model was obtained for each target and to
simulate the Ariel Tier-2 performance, I took into account the number of transit re-

quired for the Tier-2 to obtain the adequate SNR. I investigated the parameter space

TaBLE 3.1: Planetary and stellar parameters used to produce the forward models and the prior
boundary used in our retrieval analyses for the primordial atmosphere of the Hot-Jupiter and the
Neptunian planet.

Hot-Jupiter case

HD 209458 HD 209458b
Stellar Parameters  Input ‘ Planetary Parameters Input  Boundary
Sp. type GOV | R,(R)) 1.39 (0.9,1.5)
R (Ro) 1.19 | M, M,) 0.73 (0.5,1)
M; M) 1.23@ | T, (K) 1450  (100,4000)
T (K) 6091
d (pc) 48(@
m, 7.65(%)

Hot-Neptune case

HD 219666 HD 219666b
Stellar Parameters ~ Input ‘ Planetary Parameters Input  Boundary
Sp. type G5V | R,(R)) 042 (0.4,0.44)
Rs (Ro) 1.03¢ | M, (M,) 0.05 (0.02,0.07)
M, Mp) 0.92¢ | T, (K) 1041 (100,4000)
T, (K) 55271
d (pc) 94(¢)
m, 9,814

Notes. ¥ Stassun et al. (2017) ® del Burgo and Allende Prieto (2016) ) Esposito et al.
(2019) @ Hgg et al. (2000) .
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with the nested sampling algorithm MultiNest (Feroz et al., 2009) with 500 live

points and an evidence tolerance of 0.5.

In Section 3.2.2, I tested the case of a hypothetical hot-Jupiter, with parameters

based on HD 209458b (see Table 3.1). In order to investigate the benefits of in-
creased accuracy in the planetary mass estimation, I performed the retrieval when

the mass is totally unknown and, thus, retrieved as a free parameter, and when the

mass is known with an uncertainty of 40% and 10%. Also, in order to test the at-

mospheric retrieval for a smaller planet, I performed a retrieval for a hot-Neptune

around a G star, with parameters based on HD 219666b (see Table 3.1) considering

(even in this case) a mass uncertainty of 40% and 10%.

In Sec.3.2.3, I also discussed the importance of guaranteeing an adequate SNR

value by performing the retrieval for the same cases but considering 10.5th-magnitude

stars. Furthermore, I compared the retrieval performed on the same object consider-

ing different uncertainties at different wavelength ranges to investigate whether the

retrieval is more sensitive to a specific range of the spectrum.

In Section 3.2.4, I investigated the case of a hypothetical super-Earth, with pa-

rameters based on HD 97658b (see Table 3.2), one of the targets of the Ariel Target
List (Edwards et al., 2019).

TaBLE 3.2: Planetary and stellar parameters used to produce the forward models for the secondary
atmosphere of a Super-Earth planet.

Secondary Atmosphere

HD 97658 HD 97658b
Stellar Parameters Input ‘ Planetary Parameters Input Boundary
Sp. type K1V R, R)) 0.189 0.9,1.5)
R; (Ro) 0.73(@ M, M) 0.02611 variable (see text)
M; (M) 0.85(@ T, (K) 720.33 (100,4000)
T, (K) 5212
d (pc) 21.546(%
m, 7.78%)

Notes. @ Howard et al. (2011) ® Ellis et al. (2021) .

I tested three different atmospheric configurations by considering a heavy at-

mosphere containing a significant fraction of H,O, CO and N, respectively. Also,

in order to test the impact of the mass uncertainties onto the retrieval of the at-

mospheric properties I considered in my analysis three different mass uncertainties
(10%, 30%, 50%). In Section 3.2.5, I investigated the case of cloudy N,-dominated

secondary atmospheres. In order to test the advantage in the retrieval of a atmo-

sphere dominated by active gases, which are characterised by traceable molecular

57



CHAPTER 3. EXPLORING THE EFFECTS OF PLANETARY MASS ON ATMOSPHERIC RETRIEVAL

58

features directly observable in the spectrum, I analysed two other different scenarios
where I considered a H,O- and a CO-dominated atmosphere.

For all the tested cases, I assumed a planetary atmosphere constituted by 100
layers in a plane-parallel geometry, uniformly distributed in log space between 107°
and 10! bar. The temperature structure was modelled with an isothermal T — p
profile. The trace gases considered were allowed to vary freely between 10~'? and
1072 in volume mixing ratio.

Regarding the processes in the atmosphere that contribute to the optical depth
to be considered, 1 set the molecular profile of each species to be constant at each
atmospheric layer. Also, I took into account the collision-induced absorption (CIA)
from H,-H, (Abel et al., 2011; Fletcher et al., 2018), and H,-He (Abel et al., 2012),

as well as Rayleigh scattering for all molecules.

3.2.2 PRIMORDIAL ATMOSPHERE

To investigate the contribution of the planetary mass uncertainties to the retrieval
of a primary atmosphere, I simulated a spectrum of a Hot-Jupiter based on HD
209458b and its parent star.

In previous work, Changeat et al. (2020) already performed a retrieval on this
object, comparing the case where the planetary mass is assumed to be known to one
where it is retrieved as a free parameter. In particular, they found that for a clear
sky atmosphere (10! bar), the knowledge of the mass does not impact the results.
However, if clouds are modelled, some discrepancies appear only in the retrieval of
the radius when the cloud pressure gets closer to 1073 bar and the retrieved mass
also becomes less accurate.

Here, I want to investigate the benefits of increased accuracy in the planetary
mass estimation on atmospheric retrieval. I adopted the same parameters used by
Changeat et al. (2020). In particular, for trace gases, I included H,O, CHy, and CO,
with mixing ratios of 107, 5 x 107% and 107, respectively. I first simulated a clear
sky atmosphere case and then tested the behaviour of the retrievals when clouds are
present with four different configurations (P g = 107!, 1072, 5% 1072 and 103 bar
for the worst-case scenario). For each scenario, I performed the retrieval for three
cases: in the first case, the planetary mass is retrieved as a free parameter (I used
a large boundary range, by supposing a mass uncertainty of about 100%); in the
second, I supposed to know the mass with an uncertainty of 40%; and in the third
case, I applied an uncertainty of 10%.

I also performed the retrieval for a Neptunian planet around a G star to investi-

gate how the retrieval depends on the planet characteristics.
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Ficure 3.2: Comparison between the results obtained from the retrieval performed for the case of a
hot-Jupiter around a G star when the mass is known with an uncertainty of 100% (in orange), 40%
(in green), and of 10% (in magenta) as a function of cloud pressure. In the grey area, we reported
the results obtained for a Pouqs = 1073 bar assuming noise decreased by a factor of two. The size
of the box and the error bar represent the points within 1o and 20 of the median of the distribution
(highlighted with solid lines), respectively. The blue line is the input value.
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The parameters used to generate the forward model and the prior bounds em-
ployed for each fitted parameter are reported in Table 3.1.

In Fig. 3.2 I compare the results obtained for a hot-Jupiter orbiting around a G
star, as a function of cloud pressure, in the case when we know the mass with an
uncertainty of 100% (in orange), 40% (in green), and of 10% (in magenta). The
discrepancies in the retrieval of the radius, which appear when the cloud pressure
gets closer to 1073 bar, and which are the same as obtained by Changeat et al. (2020),
disappear when I performed the retrieval while considering a mass uncertainty of
about 40% or less. In these cases, the retrieved radius for high-altitude clouds is
within 1o of the true value. Also, for all the parameters, I obtained a more accurate
and precise retrieval when we know the mass with an uncertainty of 40% in the case

of high-altitude clouds as well.
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Ficure 3.3: Comparison between the normalised retrieved mass in the case of a hot-Jupiter around
a G star when the mass is estimated with an uncertainty of 100% (in orange), 40% (in green), and of
10% (in magenta) as a function of cloud pressure. In the grey area, we reported the results obtained
for a Pguas = 1073 bar considering a noise decreased by a factor of two. The size of the box and the
error bar represent the points within 1o and 20 of the median of the distribution (highlighted with
solid lines), respectively. The blue line is the input value.

Focusing on the retrieval of the mass, in Fig. 3.3 I compare the results of the nor-
malised retrieved mass of each tested case obtained for the mass as totally unknown
and for the mass with an uncertainty of 40% and 10%. The mass is well retrieved
for all cases with clouds at low altitudes even when we totally unknown the mass.
The retrieved mass becomes less accurate when the cloud pressure is lower than
1073 bar. With a mass uncertainty of 40%, I significantly increase the accuracy and
precision in the normalised retrieved mass. Indeed, in this case, the mass is well

retrieved even for high-altitude clouds and the retrieved values are within 1o~ with
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the true values. Additionally, it can be seen that while a better estimation of the
mass (mass uncertainty of 10%), could allow us to retrieve the mass and the radius
with more precision also in the cases with high altitude clouds, I do not observe a
significant difference between the results obtained with a mass uncertainty of 40%

and 10% of all the other parameters.

Furthermore, I performed the retrieval for the worst cloudy case (Pyguqs = 1072
bar) considering an increased SNR (see the results in the grey part of the plots in Fig.
3.2). To this purpose, I considered four times as many observations, so I decreased
the noise by a factor of 2. From this test, it is clear that for the worst scenario, where
the contribution of the clouds determines a less accurate estimate of the retrieved
parameters, an increased SNR could help to better estimate the parameter and, in

particular, the trace composition of the atmosphere.

From these results, it is clear that we could use TauREXx as a tool to estimate the
mass of hot-Jupiters with more precision than what we already know. In particular,
with an initial mass uncertainty of 40%, I could be able to retrieve the mass with an

uncertainty of about 15%.

To test the atmospheric retrieval in the case of a smaller planet, I simulated a
spectrum of a Neptunian planet, based on HD 219666b around its host star (Table
3.1). I used the same parameters of the hot-Jupiter case for the atmospheric com-
position. From Fig. 3.4 we can note that in this case some discrepancies appear in
the atmospheric retrieval, in particular for the CH4 and CO mixing ratios, when the
cloud pressure gets closer to 1073 bar. All the other parameters are well retrieved
even for high altitude clouds. Focusing on the retrieval of the mass (see Fig. 3.5), it
can be seen that the mass is well retrieved for all the cases at lower altitudes, while
the retrieved mass becomes less accurate when the cloud pressure decreases. In all
tested cases for neptunian planets, the mass is refined to within 20% provided the

initial mass uncertainty is < 40%.

Additionally, the discrepancies obtained in the atmospheric retrieval at high al-
titude clouds does not disappear when the mass in known with an uncertainty of
10%. In this case while the retrieval of the mass increase in precision, as expected,
the mass knowledge does not seem to impact the retrieval of the atmospheric com-
position and hence the results obtained from the retrieval are correlated with the
SNR.

The results obtained from the retrieval of the analysed cases are summarised in
Table A.1 and Table A.2 reported in Sec. A.3 of Appendix A.
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Ficure 3.4: Comparison between the results obtained from the retrieval performed for the case of
a hot-Neptune around a G star when the mass is known with an uncertainty of 40% (in green) and

10% (in magenta) as a function of cloud pressure.

The size of the box and the error bar represent the

points within 1o and 20 of the median of the distribution (highlighted with solid-lines), respectively.

The blue line is the input value.
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FiGure 3.5: Comparison between the normalised retrieved mass in the case of a hot-Neptune around
a G star when the mass is estimated with an uncertainty of 40% (in green) and 10% (in magenta)
as a function of cloud pressure. The size of the box and the error bar represent the points within 1o
and 20 of the median of the distribution (highlighted with solid-lines), respectively. The blue line is
the input value.

3.2.3  SIGNAL-TO-NOISE RATIO IMPACT ON THE ATMOSPHERIC RETRIEVAL AT

DIFFERENT WAVELENGTH RANGES

Changeat et al. (2020) highlighted the importance of guaranteeing the adequate
SNR when we observe heavy secondary atmosphere, by suggesting that an adequate
SNR is necessary to estimate correctly the mass and the atmospheric composition

through transit spectroscopy.

Here, I test the importance of the SNR for the primary atmosphere. To this
purpose, in Fig. 3.6, I compare the results obtained in the previous section for an
8th-magnitude G star, with the results obtained for the same planet, orbiting around
a 10.5th-magnitude star. Of course, a higher magnitude for the star implies a lower
SNR. The results of this test are summarised in Table A.3 in Appendix A.

As expected, in the case of the 10.5th-magnitude star the uncertainties of all
the fitted parameters increase with respect to the uncertainties obtained for the 8th-
magnitude star case for all the cloud pressures. The retrieved values are within 10
of the true values, except for the CO mixing ratio where the accuracy decreases at

high altitude clouds and is not compatible (at 107) with the true value.

Focusing on the retrieval of the mass, see Fig. 3.7, it is clear that the mass
is retrieved for all cases but with less accuracy and precision than the bright star
case, however still within 1o of the true value, in the case of 10.5th-magnitude star

regardless of the height of the clouds.
In addition, I investigated the impact of the SNR of specific ranges of the spec-
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Ficure 3.6: Comparison between the results obtained from the retrieval performed for the case of
a hot-Jupiter around an 8th-magnitude G star (in green) and around a 10.5th-magnitude G star
(in orange) as a function of cloud pressure, assuming mass uncertainty of about 40%. The size of
the box and the error bar represent the points within 1o and 20 of the median of the distribution
(highlighted with red and orange solid-lines), respectively. The blue line is the input value.

trum onto the atmospheric retrieval. I performed a retrieval analysis of a Jovian

planet around a G star, considering a cloud pressure of 107! bar. I decided to split
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Ficure 3.7: Comparison between the retrieved mass for the case of a hot-Jupiter around an Sth-
magnitude G star (in green) and around a 10.5th-magnitude G star (in orange) as a function of
cloud pressure (mass uncertainty of about 40%). Scale colours is the same adopted for Fig. 3.6.

the spectrum into six different ranges (see Fig. 3.8), each of which is dominated by
different atmospheric features, to understand which range of the spectrum provides
the main contribution to the retrieval.

For each retrieval, I changed the error bars of the points within one of the six
ranges of the spectrum from 6 = 3 x 107> (the yellow band in Fig. 3.9) to 6 = 5 X
1073 (the green boxes) and 6 = 10~ (the orange boxes).

Also, to better understand the contribution of the spectrum at low wavelengths,

& _
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Ficure 3.8: Example of the spectrum obtained for a primordial atmosphere case with a cloud pres-
sure of 10~" bar. We highlighted the range of the spectrum in which we expected the main contri-
bution of H,O, CHy4 and CO. We selected six different ranges of the spectrum and we increased the
SNR in each of them to investigate the contribution of each range on the retrieval (the points at the
edge of the ranges belong to both of the adjacent selected sections).
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FiGure 3.9: Test of the impact of the SNR in each of the selected range of the spectrum performed on
the primordial atmosphere of the hot-Jupiter around a 8th-magnitude G star. In green the retrieval
performed considering an error of 5 x 107. In orange the retrieval obtained with an error of
1 x 107*. The yellow band highlights the values retrieved in the original case (5 =~ 3 x 107).
The magenta and cyan boxes represent the distributions of the values obtained by performing the
retrieval without the first point or without the entire section 1 of Fig. 3.8, respectively. The blue line
highlights the true value.
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I tested other two cases: in the first case we totally excluded the first point (the
magenta box in Fig. 3.9), in the second case we excluded all the points of the first
section (the cyan box).

Fig. 3.10 suggests that we are not able to correctly retrieve the cloud pressure
when we entirely exclude the points of the first section. This result confirms that
the wavelength range between 0.5 and 2 u contains information of the features of
the clouds, as also suggested by Yip et al. (2021a,b). This result highlights the
importance of the continuous wavelength coverage of the blue end of the spectrum
that allows us to fit for more complicated cloud models and probe the presence of

species such as H,O and CHj.
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Ficure 3.10: Impact of the SNR in each of the selected range of the spectrum on the retrieved cloud
pressure. The scale colour and the description of the figure are the same adopted in Fig. 3.9

For all the other parameters, except for the temperature, we can see an increase
of the uncertainties with a decrease in the SNR in the first section. Since, in the
first section, the main contribution to the spectrum is due to the clouds component,
this result suggests that all the parameters of the retrieval, excepted the temperature,
are impacted by the cloud pressure knowledge. However, whilst the cloud is harder
to constrain, in case at low-altitude clouds, we are still able to constrain the atmo-
spheric parameters, which is encouraging if there are cases where we cannot use the

shortwave region.

3.2.4 SECONDARY ATMOSPHERE

The atmospheric retrieval of Earths and super-Earths is challenging because the

mean molecular weight, u, is unconstrained (with the assumption of 4 ~ 2.3 no
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longer valid). Furthermore, diatomic background gases, such as H, and N, referred
to as spectrally inactive gases, do not exhibit strong vibrational absorptions bands,
so they have not directly observable features in the spectrum. Additionally, lower-

mass planets tend to not have precise mass measurements.
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Ficure 3.11: Comparison between the Ariel simulated spectra obtained considering different mean
molecular weights. (a) Ny-dominated (b) CO,-dominated. The spectra are stacked to better compare
them.

To investigate how the mass uncertainties could impact the retrieval of low-mass
planets, I considered a secondary atmosphere consisting of elements heavier than
H/He. The super-Earth simulated here is based on HD 97658b. The parameters
used in my model are reported in Table 3.2.

I considered a N,-dominated atmosphere and used the inactive gas N, to in-
crease the mean molecular weight of the atmosphere and simulate a heavy atmo-
sphere around a rocky planet. I also included H,O and CH, as trace gases fixing
their absolute abundances at 10~* and 6 x 107%, respectively. The rest of the atmo-
sphere is filled with a combination of H, and He.

I considered four different scenarios with different values for the mean molec-
ular weight (u = 2.3, No/He = 10719 4 = 5.2, Ny/He = 1; u = 7.6, No/He = 2; u
= 11.1, No/He = 4) to explore different compositions of the atmosphere. The high-
est considered mean molecular weight was selected to have atmospheric features
detectable by an instrument such as Ariel.

In Fig. 3.11a I compared different Ariel simulated spectra of HD 97658b ob-
tained considering different mean molecular weights (u = 2.3, 5.2, 7.6, 11.1, 16). It
can be seen that for u > 11.1 the spectrum is almost flat and the atmospheric fea-

tures are not detectable any more. However, other worst-case scenarios could exist.
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Ficure 3.12: Impact of the mass uncertainties on the retrieval for different scenarios of heavy clear
sky N,-dominated secondary atmospheres represented by increasing values of u (2.3 in green, 5.2
in orange, 7.6 in magenta and 11.1 in cyan). The blue lines highlight the true values. The points
alongside the boxes highlight the MAP parameters obtained for each analysed case. The size of the
box and the vertical segments represent the points within 1o and 20 of the median of the distribution
(highlighted with solid lines), respectively.
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For instance, a pure Venus-like CO, atmosphere would not be detectable without
impacting the scientific objectives of the Ariel mission. To understand the limits
in detecting secondary atmospheres, in Fig. 3.11b we compared different spectra
simulated for the same target supposing a CO, dominated secondary atmosphere (u
=10, 19, 29, 38, 43). In these cases, we have a worse SNR than the N, dominated
case. The spectra are dominated by the noise and the atmospheric features are un-
detectable starting from u ~ 29 and this prevents us from an accurate atmospheric
retrieval. It is also clear that in this case the mean molecular weight at which the
atmospheric features are undetectable is higher than that obtained in the case of a
N,-dominated atmosphere. However, this result is not surprising because CO, is an
active gas and, as we will show in Sec. 3.2.5, the retrieval is easier in the presence of
a main gas producing spectral signatures. For these reasons, I limited my analyses
to the hybrid case, where H, remains in large enough quantities to allow for good
Tier 2 observations with Ariel.
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Ficure 3.13: Impact of the mass uncertainties on the retrieved mean molecular weight for different
scenarios of heavy clear sky N,-dominated secondary atmospheres represented by increasing values
of u (2.3 in green, 5.2 in orange, 7.6 in magenta and 11.1 in cyan). The scale colour and the
description of the figure are the same adopted in Fig. 3.12

In order to test the impact of the mass uncertainties I also performed the retrieval
considering a mass uncertainty of about 10%, 30%, and 50%, along with a case
where the mass is totally unknown (by using a very large boundary for the mass
parameter).

In Fig. 3.12 I show the impact of the mass uncertainties on the atmospheric
retrievals of different scenarios where I considered heavy secondary atmospheres
represented by increasing values of u. For comparison, I report also the case with

u = 2.3. In Appendix A.4 I summarised the results and in Appendix A.1 I reported
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Ficure 3.14: Impact of the mass uncertainties on the retrieval for different scenarios of heavy clear
sky Na-dominated secondary atmospheres of a hot-Jupiter around a 10.5th-magnitude G star, repre-
sented by increasing values of u (2.3 in green, 5.2 in orange, 7.6 in magenta and 11.1 in cyan). The
blue lines highlight the true values. The points alongside the boxes highlight the MAP parameters
obtained for each analysed case. The size of the box and the vertical segments represent the points
within 1o and 20 of the median of the distribution (highlighted with solid lines), respectively.
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some examples of corner plots obtained from these analyses.
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Ficure 3.15: Impact of the mass uncertainties on the retrieval of the mean molecular weight for
different scenarios of heavy clear sky N>-dominated secondary atmospheres of a hot-Jupiter around
a 10.5th-magnitude G star, represented by increasing values of u (2.3 in green, 5.2 in orange, 7.6 in
magenta and 11.1 in cyan). The scale colour and the description of the figure are the same adopted
in Fig. 3.14

It can be seen that a mass estimation with an uncertainty equal to or lesser than
50% could help us to better constrain the mean molecular weight for all the tested
cases with different mean molecular weights.

From this plot no significant differences appear in the retrieved atmospheric pa-
rameters obtained when performing the retrieval in cases where the mass is known
with different uncertainties; this is not surprising, because for the high mean molec-
ular weight atmosphere, the scale height is relatively small, so changes in the gravity
will not produce such large differences in the spectrum. However, as expected, the
retrieved mass shows a correlation with the mass uncertainty.

In Fig. 3.12 and following, I highlight the maximum-a-posteriori (MAP) param-
eters with circle points. In cases with higher values of u some discrepancies appear
in the temperature and H,O retrieved values with respect to the true values, and in
some cases, I obtained retrieved values that are not within 1o of the true values.
However, in these cases, even when I have a larger distribution, the MAP values
obtained from the retrieval are totally consistent with the true values. In addition,
some discrepancies appear in the retrieved MAP of N,/He when u = 2.3. This result
suggests that [ am not able to constrain this ratio. In these cases I only define a pos-
sible range of values and some performed tests have demonstrated that this result
does not depend on the choice of the prior limits.

Furthermore, from Fig. 3.13 it can be seen a slight trend between the mean

molecular weight and the mass uncertainties. In particular, for a mass uncertainty
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lower than 50% I am able to retrieve the mean molecular weight with higher accu-
racy (mostly if I consider the MAP values) with respect to the unknown mass cases,
in particular for the heavier atmospheres and with a slight increase precision when I
performed the retrieval with a mass uncertainty of 10%. This is probably due to the
higher accuracy and precision in the retrieval of the N,/He when I consider a mass
uncertainty of 10%.

All these results suggest that I should be able to correctly retrieve the atmo-
spheric parameters of a secondary atmosphere with a clear sky, even when the
mass is known with an uncertainty of 50%, even when I considered the worst-
case scenario to assess the degeneracy between the mass and the mean molecular
weight. My analysis, also, suggests that this degeneracy is intrinsic to secondary
atmospheres and not directly connected with mass uncertainty. Despite this, and
precisely by virtue of this degeneracy, a more accurate estimate of the mass ob-
tained from an independent determination could help to break the degeneracy, thus
increasing the accuracy in the determination of the abundances of the fill gases.

I also tested the atmospheric retrieval of an analogue scenario but considering a
10.5th-magnitude star however (see Fig. 3.14 and 3.15). The results obtained from
this test are reported in Table A.5. In this case, I obtained similar results with respect
to the previous case in which we considered an 8th-magnitude star. However, due
to the lower SNR, I obtained larger uncertainties for all the parameters, including

for those cases with lower mean molecular weight.

3.2.5 CLoubpYy SECONDARY ATMOSPHERE

Finally, I investigated the case of cloudy secondary atmospheres.

Small planets might not have a H,-dominated atmosphere and the dominant gas
is often unknown. I decided to investigate three different scenarios: in the first,
I considered a nitrogen-dominated atmosphere representative of a rocky planet to
investigate the retrieval results and compare it with the case without clouds (see
Sec. 3.2.4). Also, in order to provide evidence of the difference in the atmospheric
retrieval when an active gas dominates in the transmission spectrum, I analysed
the second and third scenarios, where I considered a H,O-dominated and a CO-
dominated atmosphere, respectively. Atmospheres dominated by species such as
H,O0 or CO would have traceable molecular features directly observable in the spec-
trum, as it can be seen from Fig. 3.16, where I compare the observed spectrum and
the fitted model obtained for a N,-, H,O-, and CO-dominated atmosphere in the
case of 4 = 5.2 and with a P4, = 5 x 1072 bar. These cases represent a more

favourable scenario for the inverse models with respect to the N,-dominated ones.
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In the tables in appendix A.4 I summarised the results obtained from the analysis

—— Fitted model | Nz-dominated
0.00082 ~ Fitted model H,0-dominated
—— Fitted model | CO-dominated

0.00080 +

0.00078 +

AN

T T T T —
1 2 3 4 5 6
Wavelength (um)

0.00076 4

0.00074 - i

Ficure 3.16: Comparison between the observed spectrum and the fitted model obtained for a N;-
(blue), CO- (green) and H,O-dominated (orange) atmospheres, in the case of u = 5.2 and with a
Piouds =5 X 1072 bar.

of the cloudy secondary atmosphere in the three different scenarios and in all the

configuration of mean molecular weight for the cloud pressure 10~ and 1072 bar.

N,-dominated Atmosphere Fig. 3.17 and Fig. 3.18 show the case u = 5.2, where
I compare the results obtained for different cloud pressure. In this scenario, the at-
mosphere is light and presents a clear signal. From Fig. 3.18a it can be seen that
with a mass uncertainty equal or lesser than 30%, I significantly increase the accu-
racy and the precision on the retrieval of N,/He, in particular in cases with higher
cloud pressure; however, if I consider the MAP values, I increase the accuracy also
in the worst scenario with lower cloud pressure. These results are reflected in the
determination of the mean molecular weight. Indeed, from Fig. 3.18b it may be
noted that with a mass uncertainty equal or lesser than 30% I am able to retrieve the
mean molecular weight and (as I would expect) the width of the values distributions
increase (and, consequently, the uncertainties associated to the median values as
well) while decreasing the cloud pressure. It seems that the mass uncertainty does
not impact the retrievals of the CH4 mixing ratio (Fig. 3.17f). The H,O mixing ra-
tio, see Fig. 3.17e, shows some discrepancies between the retrieved values and the
true values, although the MAP values are compatible with the true values. However,
these results do not show a correlation with the mass uncertainty, since they could
be connected with the discrepancies shown in the cloud pressure retrieval (see Fig.
3.174d).

In Fig. 3.19 and 3.20 I considered the heaviest scenario (u = 11.1). In this case |

am not able to constrain the mean molecular weight. From Fig. 3.20b it can be seen
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Ficure 3.17: Impact of the mass uncertainties on the retrieval for different scenarios of cloudy
secondary N,-dominated atmospheres in the case of u=5.2. The different coloured boxes represent
the different mass uncertainties. The blue lines highlight the true values. The points alongside the
boxes highlight the MAP parameters obtained for each analysed case. The size of the box and the
vertical segments represent the points within 1o and 20 of the median of the distribution (highlighted

with solid-lines), respectively.
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Ficure 3.18: Impact of the mass uncertainties on the retrieved Ny/He and mean molecular weight
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scale colour and the description of the figure are the same adopted in Fig. 3.17.

that the retrieved u tends to be larger than the true value, but these results are not
correlated with the mass uncertainties. Additionally (and as expected), the retrieved
u present larger uncertainties when the cloud pressure decreases.

Fig. 3.19d suggests that the mass uncertainties do not impact the retrieved cloud
pressure. Indeed, no significant discrepancies can be seen in the retrieved distribu-
tion with respect to the mass uncertainty. However, it can be noted a better com-
patibility between the true values and the MAP values when we considered a mass
uncertainties of 10%.

With regards to the atmospheric parameters, the CH4 mixing ratio is also ad-
equately retrieved when the cloud pressure gets closer to 107> bar; whereas I am
not able to accurately retrieve the H,O mixing ratio, particularly for cloud pressure
lower than 1072 bar. Here, additional observations are needed to increase the SNR

and to constrain the mean molecular weight.

H,0 and CO-dominated Atmosphere In Fig. 3.21 and Fig. 3.22 I show the
results obtained from the retrieval of H,O-dominated secondary atmosphere (4 =
5.2). In this case, the mass uncertainties do not significantly impact the retrieval.
Here, I am able to constrain the H,O/He with a slightly increased accuracy for lower
mass uncertainties. Also, the cloud pressure and the mean molecular weight are
adequately retrieved, even in cases with lower cloud pressure. In the worst scenario
considered, when the cloud pressure gets closer to 1073 bar, the retrieved u is within
20 of the true value, while the MAP value is closer to the true value.

Additionally, I performed the retrieval for our worst-case scenario, u = 11.1
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Ficure 3.19: Results obtained from the retrieval of N»-dominated atmosphere in the case of u=11.1.
The different coloured boxes represent the different mass uncertainties. The blue lines highlight
the true values. The points alongside the boxes highlight the MAP parameters obtained for each
analysed case. The size of the box and the vertical segments represent the points within 1o and 20
of the median of the distribution (highlighted with solid-lines), respectively.
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FiGure 3.20: Results obtained from the retrieved Ny/He and mean molecular weight of N>-dominated
atmosphere in the case of u=11.1. The scale colour and the description of the figure are the same
adopted in Fig. 3.19.

(see Fig. A.5 in Appendix A.2). From this test, I confirmed that for this target
more observations are needed in order to achieve an adequate SNR. The lower SNR
values prevent from correctly retrieving the mean molecular weight, which for all
cases is higher than the true value. The accuracy in the retrieved u, namely, within
20 of the true value, does not depend on the mass uncertainties. The uncertainties
of the CHy increase by several orders of magnitude with respect to the case u =
5.2. This is because, in the case of u = 11.1, the water features tend to dominate
the methane features present in the redder region of the spectrum, leading to greater

uncertainty in the retrieval of CHy.

An analogue behaviour is seen for the CO-dominated atmosphere (see Fig. 3.23
and Fig. 3.24 below and Fig. A.6 in Appendix A.2). In particular, in this scenario it
can be noted a slight trend with the mass uncertainties in the retrieved CH; mixing
ratio (see Fig. 3.23f). This increased accuracy in the retrieved CH4 mixing ratio
could be linked to the presence of a prominent CO feature in the redder part of the

spectrum that allows to better describe and constrain the CH4 component.

These results confirm that with a more favourable scenario, represented by an
atmosphere with a main gas producing spectral signature, it is possible to better
constrain the atmospheric parameters and the mean molecular weight. However,
these results do not appear to be strongly correlated with the mass uncertainty, al-
though in some cases, a better estimate of the mass can help to obtain more accurate

retrievals.
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Ficure 3.21: Retrieval results obtained from different scenarios of cloudy secondary HO-dominated
atmosphere in the case of u=5.2. The different coloured boxes represent the different mass uncer-
tainties. The blue lines highlight the true values. The points alongside the boxes highlight the MAP
parameters obtained for each analysed case. The size of the box and the vertical segments represent
the points within 1o and 20 of the median of the distribution (highlighted with solid-lines), respec-

tively.
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FiGure 3.22: Retrieval results for the retrieved mean molecular weight obtained from different sce-
narios of cloudy secondary HyO-dominated atmosphere in the case of u=5.2. The scale colour and
the description of the figure are the same adopted in Fig. 3.21

3.2.6  CoNcLUSIONS AND FUTURE PROSPECTIVE

I detail my processes of performing several tests to investigate the impact of the
planetary mass uncertainties in atmospheric retrieval and to identify the cases where
mass measurements and their appropriate precision are needed in the presence of
clear or cloudy and primary or secondary atmosphere, in the context of the ESA
Ariel Mission.

I considered different scenarios to determine the level of planet mass precision
required for robust atmospheric characterisation. I selected three representative tar-
gets from the Ariel MRS. For the primordial atmosphere, I considered a hot Jupiter
and a hot Neptunian. In addition, I also tested the importance of the SNR on the
retrievals and the role of the spectral bands. I also investigated the retrieval of a
secondary atmosphere of a super-Earth, also in the presence of clouds. For each
planet, I conducted the retrievals with varying levels of precision for the mass mea-

surements. My conclusions are as follows:

1. In the hot-Jupiter case it is possible to accurately retrieve the atmospheric
composition of the atmosphere with an accuracy that does not depends on the
mass uncertainty. In the worst-case scenario analysed here, when the cloud
pressure gets closer to 1073 bar, there is a small discrepancy in the retrieval of
the radius that disappears when I performed the retrieval considering a mass

uncertainty of about 40% or lower. For all the other parameters, the uncer-
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Ficure 3.23: Retrieval results obtained from different scenarios of cloudy secondary CO-dominated
atmosphere in the case of u=5.2. The different coloured boxes represent the different mass uncer-
tainties. The blue lines highlight the true values. The points alongside the boxes highlight the MAP
parameters obtained for each analysed case. The size of the box and the vertical segments represent
the points within 1o and 20 of the median of the distribution (highlighted with solid-lines), respec-

tively.
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Ficure 3.24: Retrieval results of the retrieved CO/He and mean molecular weight obtained from
different scenarios of cloudy secondary CO-dominated atmosphere in the case of u=5.2. The scale
colour and the description of the figure are the same adopted in Fig. 3.23.

tainties increase for high altitude clouds, which can be partially mitigated by

increasing the SNR.

I could use the atmospheric analysis to estimate the mass of hot-Jupiters with
greater precision; for example, I can increase the precision level of the mass

estimation from 40% to 10-25% depending on the presence of clouds.

. For faint stars the uncertainties of all the fitted parameters increase, confirm-

ing the relevance of S/N, independently from the knowledge on the mass.

Analogue considerations can be made about the hot-Neptunian case. I note
increased uncertainties in the presence of high-altitude clouds and, in partic-
ular, a worse estimation of the CO mixing ratio and of the temperature when
the cloud pressure gets closer to 1073 bar. However, these results are indepen-

dent from the planetary mass uncertainties.

. Studying how the SNR at different wavelength ranges impact the retrieval

highlights the importance of blue end of the Ariel spectrum, without which it
is not possible to retrieve the cloud pressure, bringing on less accurate deter-

mination of other relevant parameters.

. In the N,-dominated secondary atmosphere case, when the presence of clouds

is not considered, a minimum knowledge of the mass (of about 50%) signif-
icantly improves the accuracy and precision of the retrieval. Furthermore, a
slight additional improvement is observed when considering a more precise

estimation of the mass.
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7. For a cloudy N,-dominated secondary atmosphere, an estimation of the mass
with an uncertainty of about 50% is needed to correctly retrieve the mean
molecular weight. The uncertainties of all the parameters increase for a cloud
pressure lower than 1072 bar. A better estimation of the mass could moder-
ately helps in the determination of the atmospheric parameters, in particular

with regard to increasing the accuracy of the maximum probability values.

8. The test performed for a HO- and CO-dominated atmosphere highlights that
in the presence of a main gas producing spectral signatures, it is possible to
better constrain the atmospheric parameters and the mean molecular weight.
Additionally, in this case, a minimum uncertainty of 50% on the mass is suf-

ficient to measure the atmospheric parameters.

My analysis indicates that, even in the worst-case scenarios investigated in this
work, it is sufficient to have a 50% mass precision level to obtain an accurate at-
mospheric characterisation. This implies that next-generation transmission spectra
contain information about planetary mass (see also de Wit and Seager (2013)) and,
thus, even a priori uncertainty as larger as 50% on the mass does not affect retrieval.
On the other hand, going into an atmospheric characterisation without any knowl-
edge of a planetary mass could compromise the ability to retrieve the atmospheric
composition in cloudy primary atmospheres and in secondary atmospheres.

These results can be used in the preparation and target prioritisation of RV sur-
veys supporting atmospheric characterisation studies.

The work presented here is a step forward towards the preparation of the Ariel
mission. From this point of view, I scheduled other works, summarised below,
that will allow to define the information that we will be able to obtain from the

atmospheric retrieval:

e The analysis of the planetary mass uncertainty on the atmospherical retrieval

using different chemistry models;

e The impact of a new clouds model on atmospheric retrieval;

In the preparation of the Ariel mission, this work can help in defining the strat-
egy of a RV monitoring for those targets included in the MRS still lacking of a mea-
surement of their mass. To this purpose, I will reproduce this analysis and quantify
the impact of the mass uncertainty on the atmospheric retrieval for all the targets of
Ariel MRS. This is already a work in progress and in the following section I show

the results already obtained for some of the selected targets of the Ariel MRS.
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CHAPTER 4

Analysis of targets of the MRS of
Ariel

Based on the results described in the previous chapter about the impact of the plan-
etary mass uncertainties on the accuracy of atmospheric retrieval and in preparation
for the Ariel mission, in this chapter I analyse a sub-sample from the Ariel Mission
reference sample (MRS).

According to Edwards and Tinetti (2022), the Ariel MRS will contain a selection
of planets that could be observed in the prime mission lifetime. Approximately 2000
targets will be included in the MRS and half of them will actually be investigated by
Ariel. To maximise the science return of Ariel, the observations will be performed
in four tiers (Tinetti et al., 2021). Tiers 1-3 are devoted to transiting planets. Each
one will produce spectra with a different binning to achieve the required signal-
to-noise ratio and will include a decreasing number of targets, aiming to obtain
unprecedented statistics of the planetary atmospheres and a full characterisation for
a number of benchmark cases. Each tier requires a different number of transits. In
the analysis described below, I will take into account the number of transits required
for the Tier-2 derived by Edwards and Tinetti (2022). Note that the number of
transits required is based on the requirement to achieve SNR ~ 7 and the assumption
of a clear-sky primordial atmosphere, which could not be the case for many planets.
Furthermore, the physical parameters used to describe the star-planet systems are
constantly being updated, and for this reason, I adopted the stellar and planetary
parameters from the recent literature that do not necessarily match those used by
Edwards and Tinetti (2022). In some cases, I will explore different parameters
available in the literature. For this reason, the estimated number of transits could
not guarantee an adequate SNR.

From the following analysis, we expect to be able to define in which scenarios
and for which targets the current planetary mass estimate is sufficiently accurate
and precise to obtain an accurate atmospheric retrieval, in which cases we need a
better mass estimate and to what level of precision. In addition, in preparation for

the Ariel mission, it will provide useful indications for the selection of the targets
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to be observed from Ariel in the various tiers. Indeed, in cases where, in light of the
new estimates of stellar and planetary parameters obtained from the literature, the
currently required number of transits is not sufficient to achieve an adequate SNR,
the following analysis could suggests in which cases a higher number of transits
could lead us to a more robust atmospheric characterisation, or in which cases it is
more recommended to discard the target for the next tier.

To this purpose, I selected different targets from Ariel MRS, based on the radius
and the mass of the planet and the spectral type of the host star as in Edwards and
Tinetti (2022), in order to cover a large range of mass-radius distribution. In particu-
lar, I selected the following targets and I separated them into two classes, Neptunian
planets (primordial atmosphere) and sub-Neptunes and super-Earth (secondary at-

mosphere) using a threshold value for the mass (M = 10 Mg):

e Neptunian planets:

— HD 3167 ¢ (6M ~ 8%)
— HD 152843 b (6M = 55%)
— TOI-1130b (6M ~ 100%)

— AUMic c (three different configurations: 6M =~ 85% (Martioli et al.,
2021), mass upper limit (Cale et al., 2021) and 6M ~ 30% (Zicher et al.,
2022))

— HD 106315 ¢ (6M ~ 25%)

— TOI-451 d (6M ~ 100%)

— KOI-94 c (two different configurations, see Section 4.1.7)
— Kepler-450 b (60M = 60%)

— TOI-1728 b (0M = 20%)

— HATS-37A b (6M =~ 42%)

e Sub-Neptunes and Super-Earths:

GJ 9827 ¢ (6M = 25%)

LTT 1445A b (two different configurations: 6M =~ 90% (Winters et al.,
2019) and 6M =~ 10% (Winters et al., 2022))

K2-3 ¢ (0M = 40%)
- K2-138 g (6M = 121%)

K2-32 d (6M = 40%)



— HIP 41378 b (6M = 100%)

— TOI-269 b (6M =~ 16%)

e Measured Mass

* Theoretical Mass @ New analysed planets

Y& Planet analysed in Di Maio et al, 2023
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(A) Mass-Radius distribution (B) Temperature-Radius distribution

Ficure 4.1: (a) Mass-radius distribution of Ariel MRS (Edwards and Tinetti, 2022). I highlighted
with black stars the planets for which we have a theoretical mass estimate based on the mass-radius
relation. (b) Temperature-radius distribution of Ariel MRS (Edwards and Tinetti, 2022). The points
are coloured following a colour scale from yellow to blue as a function of the mass of the planets.
I highlighted the planets analysed in Di Maio, C. et al. (2023) with cyan stars and the the new
subsample selected from the MRS, as in Edwards and Tinetti (2022), with green dots.

In Figure 4.1 I show the mass-radius and radius-temperature distributions for
the planets included in the Ariel MRS. In Figures 4.1a and 4.1b I highlighted with
black stars the planets of the Ariel MRS for which we have a theoretical mass es-
timate based on the mass-radius relation (Chen and Kipping, 2017). In addition, I
highlighted with cyan stars the planets analysed in Di Maio, C. et al. (2023) and
with green dots the neptunian planets and the super-Earths, selected from the MRS
for a more detailed analysis. In Figure 4.1b I also used a colour scale to evidence the
planetary mass distribution. In Tables 4.1 and 4.2 I listed all the stellar and planetary
parameters used to reproduce the forward models and simulate the spectra for the
selected targets, as observed by Ariel, and original number of observations required
for the Tier-2 as derived by Edwards and Tinetti (2022).

I performed the retrieval for the selected Neptunian planets and super-Earths
simulating the spectrum of a primordial and N,-dominated secondary atmosphere,
respectively, as observed by Ariel. I convolved the high resolution forward spectra
through the instrument model by using ArielRad (ArielRad v. 2.4.6, Mugnai et al.
(2020), Ariel Payload v. 0.0.5, ExoRad v. 2.1.94). To simulate the Ariel Tier-2
performance, I took into account the number of transits required for the Tier-2 (see
Table 4.1 and Table 4.2) to obtain the expected SNR.

Planetary Mass (M)
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CHAPTER 4. ANALYSIS OF TARGETS OF THE MRS OF ARIEL

The forward spectra were obtained using H,O, CH; and CO as trace gases,
with mixing ratios of 107>, 5 x107° and 107, respectively, for the primordial atmo-
spheres. For the secondary atmosphere, in the forward spectra I considered two dif-
ferent scenarios with different values of the mean molecular weight (u = 2.3, N,/He
=107 u = 7.6, Ny/He = 2) and I used H,O and CH, as trace gases (H,O mixing
ratio = 10~* and CH,4 mixing ratio = 6 x107*) to explore different atmospheric com-
positions ( see a more detailed description of spectral retrieval in Section 2.4.2 ). In
the next sections I will describe the analysed targets in detail and summarise the
results of retrievals. In order to evaluate the goodness of the analysis, I defined two
parameters related to systematic (acc.) and random (prec.) uncertainties, as shown

below:

e Acc. (=accuracy) and MAP Acc. (= maximum-a-posteriori accuracy):

— for linear parameters, such as planetary mass, radius, and temperature,

is calculated as follows:

true — ret
acc. = |————

%100 4.1)
true

where true is the input value, and ret is the median (or the MAP) value

of the posterior distribution.

— for logarithmic parameters, such as the cloud pressure and the atmo-
spheric components, the accuracy (and MAP-accuracy) is calculated as
the difference between the frue and the ret values of the median and
MAP of the distributions.

e Prec. (=precision): for linear parameters, left and right precisions are calcu-

lated as:

M‘ 100 (4.2)

qs0
where g5 is the 50% quantile of the a posterior distribution, while g repre-

prec =

sents the quantiles at 16% and 84%, for left and right precisions, respectively.
For logarithmic parameters, the left and right precisions are calculated by

considering only the difference between g5y and q.

In order to evaluate the parameters obtained from the retrieval in terms of accu-
racy and precision, as defined above, I selected three thresholds as specified in the
Table 4.3, to classify the results. In the following sections, I evaluated the retrieved
values as accurate/moderately accurate/not accurate and precise/moderately pre-

cise/not precise, highlighting the values with the corresponding colours (white/orange/red).
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4.1. NEPTUNIANS - PRIMORDIAL ATMOSPHERES

TasLE 4.3: Evaluation criteria for the accuracy and precision of the retrieved parameters.

Acc./MAP-Acc. Prec. .
Param Accurate Moderately Acc. Precise Moderately Prec.

Linear <20% 20%-50% >50% <20% 20%-50% >50%
Logarithmic | < 1 decades 1-2 decades > 2 decades < 1 decades 1-2 decades > 2 decades

Notes. Linear parameters are evaluated in percentage terms, while the logarithmic parame-
ters are evaluated in terms of the difference of orders of magnitude between the input value
and the retrieved (or MAP) value.

The results of this analysis are summarised for each target in additional tables

reported in Appendix B.

4.1 NEPTUNIANS - PRIMORDIAL ATMOSPHERES

4.1.1 HD3167 ¢

HD 3167 system is of particular interest as it hosts four known planets (Vanderburg
et al., 2016; Christiansen et al., 2017; Gandolfi et al., 2017; Bourrier et al., 2022):
HD 3167 b (P =0.96 d, R, = 1.627 *09% Re, M, = 4.73+ *078 M), HD 3167 d (P
=8.51d, M, sini = 5.03+0.50 M), HD 3167 ¢ (P = 102.09 d, M,, sini = 9.74 129

-1.15
Mg ) and HD 3167 ¢ (P = 29.84 d, R, = 2.923*000% Ry, M, = 10.67*0%7 Mo).

—+— 10! bar 107'bar —— 1073 bar
le—3

1.150 A

1.125 A

1.100 A ¢

1.075 -

(Rp/R+)?

/; “~ A | | \
1.050 "\f \//
1.000 A
1 2 3 4 5617
Wavelength (um)

Ficure 4.2: Simulated spectra of HD3167 ¢ as observed by Ariel, obtained considering different
cloud pressures.
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According to Bourrier et al. (2022), the planetary mass of HD3167 ¢ has an
estimated uncertainty of about 8%. Given the high precision of this mass estimation,
I investigated the accuracy of the retrieval for different cloudy scenarios. Figure 4.2
shows the simulated spectra of HD3167 c for the number of transits required for
Tier-2 (N,;, = 26), at cloud pressures (P,qs = 10, 107!, 1073 bar). Characteristics
of the target and host star are listed in Table 4.2.

The results of the retrieval are summarised in Table B.1 and Figure 4.3.

As shown in Figure 4.3 we are able to accurately retrieve all the atmospheric
components when P, > 107! bar, while H,O and CO are not accurately and not
precisely retrieved in the presence of high altitude clouds. However, the MAP value
is accurately retrieved in all the tested scenario excepted for the CO mixing ratio
when P,z = 1073 bar, where the MAP retrieved value is moderately accurate.

In Figure 4.3c I showed the retrieved cloud pressure for the different considered
scenarios. It can be seen that all the retrieved distributions are perfectly distin-
guishable, as confirmed by the Kolmogorov-Smirnov test (KS test) (pyauwe << 0.05)
performed between the three distributions (10~! - 10" bar, 10~! - 1073 bar, 107" -
1073 bar). Consequently, I performed the retrieval on the simulated spectra of HD
1367 ¢, assuming the number of transits required by Tier-1 (N,,; = 4, see Figure
4.4a). As can be seen in Figure 4.4b and also confirmed by the KS test, we are able
to discriminate between the different cloudy scenarios since the Tier-1. This results
suggests that a valid observing strategy could be to test the cloudy conditions since
during the Tier-1 and, in case of high altitude clouds probably plan to reach a higher

SNR increasing the number of transits.
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Ficure 4.3: Impact of mass uncertainties on the retrieval performed for the hypothetical primordial
atmosphere of HD 3167 c for different cloud pressures (Pjpuqs = 1 0! bar in green, Pgouas = 1 0!
bar in orange, and Pouqs = 107> bar in magenta) as a function of the mass uncertainty. The blue
line highlights the input value. The points alongside the boxes highlight the MAP values obtained
for each analysed case. The size of the boxes and the vertical segments represent the points within
1o and 20 of the median of the distribution (highlighted with solid lines), respectively.
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o 10! bar 10-'bar —— 10-3 bar 10~ bar @ 1073 bar HD3167¢
P 10! bar —— True value u=23
le-3
—_ 2_
1.15 A 5 ]
I S S E— 3 o] p
%110 s ] IJ
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o Lo 24
~ 1.05 4 /‘\/ 3 ‘ '
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1.00 © 4]
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Wavelength (um) &M
() Tier-1 (B) Cloud pressure

Ficure 4.4: (A) Spectra of HD3167 ¢, as observed by Ariel, obtained considering different cloudy
scenarios and assuming the number of transits required for Tier-1. (B) Comparison between the
retrieved cloud pressure of HD3167 b obtained for different cloud pressures as a function of the
mass uncertainty. Colour scale and description of Figure B are the same as in Figure 4.3.

4.1.2 HD 152843 B

HD 152843 b (M, = 11.56*¢3% Mg, R, = 3.41 *{}7 Re) is a Neptune-like exoplanet

discovered by Eisner et al. (2021) using data from TESS. It is the inner planet of a
two-planet system orbiting a bright (V = 8.85 mag) early G dwarf (1.43 Ry, 1.15
Mp).

—— 10! bar 107'bar —+— 1073 bar
le—4
f;‘: 6.5 A j \ /
5‘1 \«f»’ 1,'\)»\”;‘ \ ™ /,
o J /
= 6.0 |
/
5.5 1
1 2 3 4 5 67

Wavelength (um)

Ficure 4.5: Simulated spectra of HD 152843 b, as observed by Ariel, obtained considering different
cloud pressures.
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Since Eisner et al. (2021) estimated the mass of HD 152843 b from radial veloc-
ity measurements with a mass uncertainty of about 55%, I performed the retrieval
with a planetary level of precision of 10%, 30%, and 55% to test the contribution
of the planetary mass uncertainty to the retrieval, taking into account the number
of transits required for the Tier-2 (N,,; = 44, Edwards and Tinetti 2022). The main
parameters used to simulate the spectra are given in Table 4.1.

In Table B.2 and in Figure 4.6 I summarised the results of the retrieval. As in the
previous cases, the main discrepancies appear for the atmospheric components in
the presence of high clouds, in particular for the retrieved CO mixing ratio, where
the retrieved value is not accurate and not precise. However, also in this case, we
can assert that the mass uncertainty does not impact the results.

Also in this case I have verified that the KS test confirms that the Tier-1 (N,
= 5, Figure 4.7a) is able to identify the cloudy scenario for this planet, allowing to
take an informed decision if include the planet in Tier-2 sample.

We can also see from Figure 4.6b that if we know the mass with an uncertainty
of 55%, we can refine the mass with a mass uncertainty of less than 30% if P45 >
107! bar.

These results suggest that we could be able to accurately determine the atmo-

spheric composition based on the available mass.
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FiGure 4.6: Impact of mass uncertainties on the retrieval performed for the hypothetical primordial
atmosphere of HD 152843 b for different cloud pressures. The colour scale and description of the
figure are the same as in Figure 4.3.
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Ficure 4.7: (A) Spectra of HD152843 b, as observed by Ariel, obtained considering different cloudy
scenarios and assuming the number of transits required for Tier-1. (B) Comparison between the
retrieved cloud pressure of HD152843 b obtained for different cloud pressures as a function of the
mass uncertainty. Colour scale and description of Figure B are the same as in Figure 4.3.

4.1.3 TOI-1130B

TOI-1130 is a K7 star, relatively bright at near-infrared wavelengths (K, = 8.3351),
making it a good target for transit spectroscopy to study planetary atmospheres.
Huang et al. (2020) found that it has two transiting: a Neptune-sized planet (3.65 +
0.10 Re) with a period of 4.1 days, and a hot Jupiter (1.50*33] R;) with a period of
8.4 days. Precise radial-velocity observations show that the mass of the hot Jupiter is
0.974*5:9% M. Since the mass of the neptunian planet, TOI-1130 b, was estimated
from a mass-radius relation, I assumed an uncertainty of 100% and performed the
retrieval with uncertainties of 30%, 50%, and 100%.

Figure 4.8 shows the simulated spectra for different cloud pressures, obtained
with TauREx using the number of transits required for Tier-2 (N,,, = 19) in order
to simulate the noise.

The results of the retrieval are summarised in Table B.3 and shown in Figure 4.9.
The results of the retrieval are similar to those obtained for the previous targets. In
particular, when P,,s; > 107! bar, I retrieved the CH4 mixing ratio from a mass
uncertainty of 100%, but with moderate accuracy compared to the other cloudy sce-
narios. A better mass estimate (e.g. M = 50%) allows us to increase the precision
of the retrieved CH, value even in the presence of high altitude clouds. We also
note a slight increase in the accuracy of the retrieved H,O mixing ratio with a mass
uncertainty of 50%. The CO mixing ratio is the component of the atmosphere that

is more difficult to constrain, since the reddest region of the spectrum, characterised
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Ficure 4.8: Simulated spectra of TOI-1130 b, as observed by Ariel, obtained considering different
cloud pressures.

by the CO band, is dominated by the noise.

The test, performed assuming the number of transits required for the Tier-1
(Nyps = 1, see Figure 4.10a) confirmed that we could be able to characterise the
cloud pressure with the Tier-1 (see Figure 4.10b), and, consequently, given that the
number of transits actually required for the Tier-2 is not very time-consuming, the
Ariel team could evaluate the possibility of increasing the number of observations
required for the Tier-2 to improve the accuracy of the retrieval in the presence of
high altitude clouds.

Additionally, Figure 4.9b highlights our capability to refine the planetary mass
using TauREx. In particular, for this target, we are able to refine the mass to within

40% when P,,,4s = 107! bar, providing an initial mass uncertainty of about 100%.
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Ficure 4.9: Impact of mass uncertainties on the retrieval performed for the hypothetical primordial
atmosphere of TOI-1130 b for different cloud pressures (Peouas = 10" bar in green, Ppuqs = 107"
bar in orange, and Pejpuas = 1072 bar in magenta) as a Sfunction of the mass uncertainty. Colour
scale and description of the figure are the same as in Figure 4.3.
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Ficure 4.10: (A) Spectra of TOI-1130 b, as observed by Ariel, obtained considering different cloudy
scenarios and assuming the number of transits required for Tier-1. (B) Comparison between the
retrieved cloud pressure of TOI-1130 b obtained for different cloud pressures as a function of the
mass uncertainty. Colour scale and description of Figure B are the same as in Figure 4.3.

4.1.4 AUMic c

AU Mic is a young (22 Myr, Mamajek and Bell (2014)) nearby (~ 10 pc, Gaia Col-
laboration et al. (2018)) and active pre-main-sequence M1 dwarf (Plavchan et al.,
2020). AU Mic hosts an edge-on debris disk (Pecaut and Mamajek, 2013) and there-
fore the probability of planetary transit is higher than for other systems. The star
is very active, then the derived planetary parameters are strongly dependent on the
techniques adopted to correct the stellar activity.

Using photometric observations from TESS, Plavchan et al. (2020) discovered
an ~ 8.46 days Neptune-sized planet (R, = 4.38*)1% Ry) in transit.

With further observations of AU Mic from the TESS extended mission Martioli
et al. (2021) determined that AU Mic c is a smaller Neptune-sized planet (R, =
3.24+ 0.16 Ry, M, = 13.6 + 11.4 Mg) with a period of ~18.86 days. Also, Cale
et al. (2021) provided a 5o upper limit to the mass of AU Mic ¢ of M, < 20.13
M, from the analysis of several years of multi-wavelength RV observations of AU
Mic. Finally, Zicher et al. (2022) estimated the mass of AU Micc (M, = 22.2 + 6.7
M) by analysing 91 observations provided by HARPS with a multidimensional
Gaussian Process framework. The main characteristics of AU Mic ¢ and its host
star are reported in Table 4.1.

Due to the multiple mass estimates available in the literature, I performed the
retrieval using different sets of parameters obtained from Martioli et al. (2021) (6
M =~ 85%), Cale et al. (2021) (mass upper limit), and Zicher et al. (2022) (6 M =
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30%).

I simulated the spectra taking into account the number of transits required for the
Tier-2 (N,,s = 6, Edwards and Tinetti (2022)) and performed the retrieval assuming
a mass uncertainty of 30%, 50%, and 85% for the set of parameters obtained by
Martioli et al. (2021), and 10%, 20% and 30% for Zicher et al. (2022). Also, since
Cale et al. (2021) proposed only an upper limit for the planetary mass, I created
the forward spectra using the parameters obtained by Cale et al. (2021), assuming a
planetary mass of 0.03020 M, (value initially proposed by Cale et al. 2021, lower
than the upper limit, and then discarded after further analysis) and then I performed
the retrieval using a linear prior from 10~> M; to the mass upper limit.

Figure 4.11 shows a comparison between the simulated spectra obtained with

the different sets of parameters and for different cloud pressures.
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Ficure 4.11: Simulated spectra of AU Mic c provided considering the set of parameters obtained

from (a) Martioli et al. (2021) (b) Cale et al. (2021) and (c) Zicher et al. (2022) obtained for different
cloud pressures, taking into account the number of observations required for the Tier-2.
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Ficure 4.12: Impact of the mass uncertainties on the retrieval performed for the hypothetical pri-
mordial atmosphere of AU Mic ¢ simulated using the set of parameters provided by Martioli et al.
(2021) for different cloud pressures. Description of the figure are the same as in Figure 4.3.
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Ficure 4.13: Impact of the mass uncertainties on the retrieval performed for the hypothetical pri-
mordial atmosphere of AU Mic ¢ simulated using the set of parameters provided by Cale et al. (2021)
for different cloud pressures. Colour scale and description of the figure are the same as in Fig. 4.3.
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Ficure 4.14: Impact of the mass uncertainties on the retrieval performed for the hypothetical pri-
mordial atmosphere of AU Mic c simulated using the set of parameters provided by Zicher et al.
(2022) for different cloud pressures. Colour scale and description of the figure are the same as in
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As we can note from Figure 4.11, the simulated spectra obtained using the pa-
rameters provided by Zicher et al. (2022) are dominated by the noise, even with low
altitude clouds. We can observe an analogous behaviour from the simulated spec-
trum obtained using the parameters obtained from Martioli et al. (2021) and Cale
et al. (2021) when P4, = 1072 bar. In Figures 4.12, 4.13 and 4.14 are summarised
the results obtained from the retrievals of each tested case (see also the tables in
Section B.4).

Comparing the three different configurations we see that the better results are
obtained using the Martioli et al. (2021) and Cale et al. (2021) parameters, cor-
responding to the case with low gravity values, where we are able to accurately
retrieve all the atmospheric components in the clear sky case and in the presence
of low altitude clouds, while when P4 = 1073 bar the retrieved values are not
accurate and not precise. These results are not strongly dependent from the mass
estimation. We note that in the Martioli et al. (2021) case, we slightly increase the
precision of the retrieved H,O mixing ratio considering a mass uncertainty of 50%
with respect to the retrieval obtained for oM = 85%. Additionally, a mass uncer-
tainty of 30% allows us to increase the accuracy in the retrieved P, (see Figure
4.12c). The worst result is obtained using the Zicher et al. (2022) parameters, where
we are able to accurately retrieve only the CH4 mixing ratio in the presence of low

altitude clouds.

The test performed using the Cale et al. (2021) configuration highlights that we
are able to retrieve the atmosphere composition even when we only have an upper
limit for the planetary mass. Indeed, in this configuration, when P,q = 107!
bar, we are not able to accurately retrieve the planetary mass, since we obtained an
accurate determination considering the MAP value. However, we obtained accurate
values for the trace gases. As in the previous cases, not accurate retrieved values

are obtained in the presence of high altitude clouds.

The case of AU Mic c outlines how the capability to detect the planetary atmo-
sphere depends on the true mass value that determines the scale height and then
the SNR. The mass determination is strongly dependent on the methods adopted
for stellar activity correction. In the presence of strong activity, as in AU Mic, the
measured mass can be very different from the true value and its error strongly un-
derestimated. For this reason, I decided to test our capabilities to obtain an accurate
retrieval assuming minimum information on the mass. According to the values ob-
tained from the literature, I considered a uniform prior with the maximum value
obtained by Zicher et al. (2022) (M, = 28.9 Mg) as the mass upper limit. I per-

formed the retrieval for two different cases, assuming two different values for the

105



CHAPTER 4. ANALYSIS OF TARGETS OF THE MRS OF ARIEL

106

—+— 10! bar —+— 1073 bar —+— 10% bar —+— 1073 bar
le-3 107 bar Mp = 14.45Me le—3 107! bar Mp = 24.08 Mo
1.30 A
1.24 A
1.28 S G - B 1] i |
o 1267 o 1221
> ! >N
D I i h i
€ 1.241 (U0 < M .
2 Tl N £ 1201 "‘\) I \/’”
1.22 A / j
1.20 A 1.18 A
1.18
1 2 3 4 567 1 2 3 4 567
Wavelength (um) Wavelength (um)
(4) M, = 14.45M, (8) M, = 24.08M,,

Ficure 4.15: Spectra of AU Mic c, as observed by Ariel, assuming (A) M, = 14.45Mg (B) M, =
24.08 Mg, considering the number of transits required for Tier-2 (Nyps = 6).

input mass (see the simulated spectra in Figure 4.15). In the first test, I assumed an
input planetary mass of M, = 14.45M, while in the second test M, = 24.08 M. In
both tests, TauREx explored the planetary mass parameter space with a linear prior.

The results of these tests suggest (see LINEAR results in Tables B.7 and B.8, and
Figures 4.17 and 4.18) that we are not able to retrieve the atmospheric composition
accurately. However, the retrieved mass is more constrained compared to the prior
boundaries, so I used the retrieved mass distribution to iterate the procedure to apply
an additional constraint on the planetary mass. Consequently, I performed another
retrieval for both considered cases, assuming a Gaussian prior for the planetary
mass, defined by mean and sigma values obtained in the previous retrieval (see
GAUSSIAN results in Tables B.7 and B.8, and Figures 4.18 and 4.18).
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Ficure 4.16: Spectra of AU Mic c, as observed by Ariel, assuming (A) M, = 14.45Mg (B) M, =
24.08 Mg, considering three times the number of transits required for Tier-2 (Nyps = 18).
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different cloud pressures. I highlighted with darker colour the results obtained assuming N,ps = 18.
Description of the figures are the same as in Fig. 4.3.
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Ficure 4.18: Results of the retrieval performed on the hypothetical atmosphere of AU Mic c, as-
suming a planetary mass M, = 24.08 Mg and using a LINEAR and GAUSSIAN prior boundaries for
the planetary mass, for different cloud pressures. Colour scale and description of the figure are the
same as in Fig. 4.17.
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We observe that despite the gaussian constraint, similar results were obtained
compared to the "linear" case.

This indicates that the results of the retrieval are not related to our knowledge
of the planetary mass, but rather the SNR is the main factor. As can be seen from
Figure 4.15, the spectra are dominated by noise and the limited number of transits is
not sufficient to achieve the necessary SNR. To verify this hypothesis, spectra were
simulated with three times the number of transits required for the Tier-2 (N,p; =
18, see Figure 4.16) and the retrieval was performed using LINEAR and GAUSSIAN
priors, as in previous tests. As seen from Tables B.7 and B.8 and Figures 4.17
and 4.18, a higher number of transits improves the precision, and in some cases
the accuracy, of the atmospheric parameters, particularly when P,,q = 10! bar.
However, three times the number of transits required for Tier-2 is still not enough
to increase the SNR and achieve accurate retrieval.

In conclusion, these tests suggest that using TauREx, we can improve our knowl-
edge of the mass and estimate the atmospheric composition of a clear sky atmo-
sphere, given that the mass of the target is not well-constrained. However, in the
presence of low altitude clouds, we need to increase the number of transits required

for Tier-2 to obtain accurate results.

4.1.5 HDI106315c

HD 106315 is a F5V type star with Teg = 6260 K, and a V = 9.0 mag, hosting a
multiplanetary system. The inner planet, HD 106315b, has a period of 9.55 days
and a radius of R, ~ 0.218R;, while HD 106315c, the outer planet, has a period
of 21.05 days and a radius of R, ~ 0.388R; (Barros et al., 2017). Here I focus my
analysis on planet ¢ (M, = 15.2 + 3.7 Mg). Its main properties and those of its host
star are summarised in Table 4.1. Barros et al. (2017) estimated the planetary mass
with an uncertainty of about 25%. To test the impact of the mass uncertainty on
the atmospheric retrieval, I performed the analysis assuming mass uncertainties of
25%, 20% and 10%.

Figure 4.19 shows the simulated spectra obtained taking into account the num-
ber of transits required for the Tier-2 (N,,; = 23) to achieve the needed SNR as in
Edwards and Tinetti (2022), and assuming different cloudy scenarios. It can be seen
from Figure 4.19 that in the worst considered cloudy scenario, the noise dominates
the spectrum and the trace gases that produce spectral signatures are barely visible.
Therefore, in cases such as this, it could be important to characterise the presence
of clouds in the planetary atmosphere already at Tier-1 and, in the case of high alti-

tude clouds, evaluate the opportunity of excluding the target from Tier-2 or decide
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FiGure 4.19: Simulated spectra of HD106315 c, as observed by Ariel, obtained considering different
cloud pressures.

to increase the number of transits required.

The results of the retrieval analysis are reported in Table B.9 and also shown in
Figure 4.20. All atmospheric parameters are accurately retrieved in the clear sky
case and for low altitude clouds. A moderately accurate and not precise estimation
of the retrieved H,O was obtained in the low-pressure cloudy case (Pypqs = 1073
bar), where the retrieved 1o distributions include values from 10~ to 107'° bar,
while, according to the definitions described above, the retrieved CO is not accurate
and not precise when P,,,4; = 107> bar. However, all these results are not impacted
by the mass uncertainty, but by SNR, that is determined by cloud altitude.

It is therefore of great interest to investigate our ability to discriminate between
different cloudy scenarios using Tier-1 observations. This information would allow
us to evaluate the goodness of the Tier-2 observations of this target, and to make a
decision to either exclude it in case of high altitude clouds or to increase the number
of transits to improve the SNR. For this reason, I performed the retrieval assuming
the number of observations required for the Tier-1 (N,,, = 3, reported in Edwards
and Tinetti 2022), as shown in Figure 4.21a. In this case, although for P, s = 107!
bar the retrieved distribution is wider compared to the previous test (see Figure
4.21b), the KS test, performed between the three distributions (107! - 10! bar, 10!
- 1073 bar,107! - 1072 bar), confirmed (p,qu. << 0.05) that it would be possible to
discriminate the cloudy scenario using the Tier-1 observations.

In conclusion, these results suggest that a valid observing strategy could be to
test the cloudy conditions of this target during the Tier-1. In the case of high alti-
tude clouds, we could evaluate the possibility of increasing the number of transits

required for Tier-2.
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Ficure 4.20: Impact of mass uncertainties on the retrieval performed for the hypothetical primordial
atmosphere of HD106315 ¢ for different cloud pressures (Pouqs = 10" bar in green, Peguas = 107"
bar in orange, and Pejpuas = 1072 bar in magenta) as a function of the mass uncertainty. Colour
scale and description of the figure are the same as in Fig. 4.3.
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Ficure 4.21: (A) Spectra of HD106315 c, as observed by Ariel, obtained considering different cloudy
scenarios and assuming the number of transits required for Tier-1. (B) Comparison between the
retrieved cloud pressures of HD106315 c obtained for different cloud pressures as a function of the
mass uncertainty. Colour scale and description of Figure B are the same as in Figure 4.3.

4.1.6 TOI-451p

TOI 451 is a member of the 120 Myr old Pisces—Eridanus stream (Psc—Eri). Newton
et al. (2021) found that TOI 451 is a young solar-mass star and has a comoving
companion, TOI 451 B (Gaia DR2 4844691297067064576). They also confirmed
a three-planet system around TOI 451. TOI 451 b, ¢, and d are hot planets in close
orbits around their host star. The inner planet, TOI 451 b, has a period of 1.9 days
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Ficure 4.22: Simulated spectra of TOI-451 d, as observed by Ariel, obtained considering different
cloud pressures.

and a radius of 1.9 Rg. The two outer planets have radii of 3.1 and 4.1 Rg. As
they are young and hot (T,, = 720 to 1500 K, assuming 0 albedo) and could be low
mass, their observed radii may be impacted by high-altitude hazes (Gao and Zhang,
2020).
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Ficure 4.23: Impact of mass uncertainties on the retrieval performed for the hypothetical primordial
atmosphere of TOI-451 d for different cloud pressures (P jouas = 1 0" bar in green, Peoyas = 1 0! bar
in orange, and P puqs = 1073 bar in magenta) as a function of the mass uncertainty. Colour scale
and description of the figure are the same as in Fig. 4.3.
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The planetary masses were estimated using the non-parametric mass-radius re-
lation from Ning et al. (2018). This assumes that these young planets obey the
same mass—radius relation as older stars, which may be inaccurate. Since the mass
of TOI-451 d (M, = 15.57 Mg) was estimated from a mass-radius relation, I as-
sumed an uncertainty of 100% and performed the retrieval with uncertainties of
30%, 50%, and 100%. I simulated the spectra taking into account the number of
transits required for the Tier-2 (N, = 51).

The results of the retrieval are summarised in Table B.10. As shown in Figure
4.23, we are able to accurately retrieve the atmospheric composition for this target
when P_,.4s > 107! bar. In the presence of high clouds, the retrievals are moder-
ately precise and accurate, in particular for the CO mixing ratio, where the median
value of the retrieved distribution is several orders of magnitude lower than the true
value, with a very large distribution. These results are not correlated with the mass
uncertainty and are likely due to the lower SNR when P4, = 1073 bar, as we can
see from Figure 4.22.

In addition, we can see from Figure 4.23c that the three distributions obtained
from the different cloudy configurations are not compatible with each other, and
this result is also not affected by the mass uncertainty. Consequently, I tested if we
are able to estimate the cloudy scenarios of this target from Tier-1 (N,,; = 4) in
order to recommend the target for the next tiers as a function of the retrieved cloudy
configuration. From Figure 4.24b we can note that we could be able to discriminate
the cloudy scenarios from Tier-1, and therefore we could decide to increase the

number of observations in order to accurately retrieve the CO mixing ratio.
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Ficure 4.24: (A) Spectra of TOI-451 d, as observed by Ariel, obtained considering different cloudy
scenarios and assuming the number of transit required for Tier-1. (B) Comparison between the
retrieved cloud pressure of TOI-451 d obtained for different cloud pressures as a function of the
mass uncertainty. Colour scale and description of Figure B are the same as in Figure 4.3.
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We also note that by using TauREx for P, > 107! bar we are able to refine

the mass to within 50%, giving an initial mass uncertainty of 100% (see Figure
4.23b).

4.1.7 KOI-94 ¢

The Kepler Object of Interest (KOI) 94 system is a multi-transiting planetary system
consisting of four transiting planets with periods of about 3.7, 10, 22, and 54 days.
It was discovered by the Kepler space telescope (Borucki et al., 2010; Batalha et al.,
2013) and its properties were reported by Weiss et al. (2013). KOI-94 b has a mass
of 10.5 + 4.6 Mg and a radius of 1.71 + 0.16 Rg, while KOI-94 ¢ has a estimated
mass of 15.6"7/ Mg and a radius of 4.32 + 0.41 Re. KOI-94 d has a mass of 106
+ 11 Mg and a radius of 11.27 + 1.06 Rg. KOI-94 e has a mass of 3532 Mg and a
radius of 6.56 + 0.62 R,

Since the wide uncertainty on the mass estimation, and since our capability to
detect the planetary atmosphere depends on the true mass value as I already demon-
strated in AU Mic (see Section 4.1.4), I simulated the spectra of KOI-94 ¢ using
the parameters given in Table 4.2, supposing two different values for the planetary
mass (M, = 8 Mg and M, = 16 Mg). For both tests I considered different cloudy
scenarios (see Figure 4.25), taking into account the number of transits required for
the Tier-2 (N,s = 127).

Then, I performed the retrieval using a linear prior for the planetary mass with
an upper limit at 21.3 Mg. The results of the retrieval are reported in Figure 4.26

and summarised in Table B.11.
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Ficure 4.25: Simulated spectra of KOI-94 ¢, as observed by Ariel, obtained for the two considered
value of mass and at different cloud pressures.
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FiGcure 4.26: Impact of mass uncertainties on the retrieval performed for the hypothetical primordial
atmosphere of KOI-94 c for different cloud pressures for the two different supposed values of the
planetary mass. Colour scale and description of the figure are the same as in Fig. 4.3.

As we seen in the case of AU Mic c, I obtained higher accuracy in the retrieved
atmospheric parameters for M, = 8 Mg, corresponding to the low gravity case. In
particular, in the case of M,, = 8 Mg, all the atmospheric parameters are accurately

retrieved even in the presence of high altitude clouds, with the exception of the CO
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mixing ratio that is moderately accurately retrieved when P4 = 1072 bar. On
the other hand, in the case of M,, = 16 Mg, we accurately retrieved the atmospheric
composition when P,,zs > 107", In the presence of high altitude clouds we moder-
ately accurately retrieved the CH, mixing ratio while we are not able to accurately

retrieved the other atmospheric components.

Additionally, as shown in Figure 4.26¢, we are able to discriminate the cloudy
scenario, as confirmed by the KS test (pyae << 0.05). Also in this case I have
verified that the KS test confirms that the Tier-1 (N,,, = 8, see Figure 4.27) is able
to identify the cloudy conditions for this planet, allowing to take informed decision

if include the planet in Tier-2 sample.
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Ficure 4.27: (Top panels) Spectra of KOI-94 ¢, as observed by Ariel, obtained considering different
cloudy scenarios and assuming the number of transit required for Tier-1 for the two different values
of planetary mass. (Bottom panel) Comparison between the retrieved cloud pressure of KOI-94 ¢
obtained for different cloud pressures as a function of the mass. Colour scale and description of
Figure B are the same as in Figure 4.3.
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4.1.8 KEepLER-450 B

Kepler-450 is a three-planet system. The first mass constraint for this system were
obtained by Yoffe et al. (2021). In Table 4.1 I reported the main properties of Kepler-
450 and its planet Kepler-450 b (M, = 19.4*} .My, R, = 6.0834£0.0022R,). Since
Yoffe et al. (2021) estimated the mass of Kepler-450b with an uncertainty of about
60%, 1 investigated the contribution of the planetary mass uncertainty considering
a mass precision level of 60%, 50% and 30%. 1 simulated the spectra assuming the
number of transits required for the Tier-2 (N,,, = 99) to obtain the needed SNR (see
the simulated spectra in Figure 4.28).

—+— 10! bar 107 bar —+— 1073 bar
le—3
1.65
1. -
1.55 A
*~ 1.50 -
x \
< 1.45 - A%
1.40 - L | /
. \/\/\/
1.30 A
1 2 3 4 5 67

Wavelength (um)

Ficure 4.28: Spectra of Kepler-450 b, as observed by Ariel, obtained considering different cloud
pressures.

In Figure 4.29 and Table B.12 I summarised the results of the retrieval. For high
pressure clouds, all the quantities are well recovered with the exception of the case
of Pyjguas = 1073 bar, for which I obtained moderately precise retrieved parameters.
In particular, according to the criteria of accuracy and precision described above, I
obtained a not accurate retrieved CO mixing ratio for high altitude clouds. The mass
uncertainty does not impact the results even in the worst considered scenario. All
these results suggest that for this target is not particularly useful to further improve
the mass measurement.

Also, as we can note from Figure 4.29b, with TauREx we are able to increase
the precision of the mass estimate and refine the mass to within = 10% in the case
of P jpuas > 107! bar, giving an initial mass uncertainty of 60%.

In Figure 4.29¢ 1 showed the retrieved cloud pressure as a function of the mass
uncertainty for the different considered scenarios. It can be seen that all the retrieved

distributions are incompatible and therefore perfectly distinguishable. This result
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Ficure 4.29: Impact of mass uncertainties on the retrieval performed for the hypothetical primordial
atmosphere of Kepler-450 b for different cloud pressures as a function of the mass uncertainty.
Colour scale and description of the figure are the same as in Fig. 4.3.

is confirmed by the KS test, which suggests that the cloud pressure distributions
derive from different samples (pyae << 0.05). I also performed the retrieval on the
simulated spectra of Kepler-450 b, assuming the number of observations required

by Tier-1 (N,,; = 6, see Figure 4.30a). As can be seen in Figure 4.30b and also
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confirmed by the KS test, we are able to discriminate between the different cloudy

scenarios since the Tier-1.
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Ficure 4.30: (A) Spectra of Kepler-450 b, as observed by Ariel, obtained considering different
cloudy scenarios and assuming the number of transits required for Tier-1. (B) Comparison between
the retrieved cloud pressure of Kepler-450 b obtained for different cloud pressures as a function of
the mass uncertainty. Colour scale and description of Figure B are the same as in Figure 4.3.

In light of these results, the analysis we will perform on the Tier-1 observations
and the cloud pressure estimate will allow us to assess the feasibility of this target.
In the case of high altitude clouds, probably to plan to reach a higher SNR increasing
the number of transits will result in a too demanding observation to include the

target in the final Ariel sample.
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4.1.9 TOI-1728 B

The transiting planet candidate TOI-1728 b of the star TOI-1728 was confirmed by
Kanodia et al. (2020). The star and planet characteristics are listed in Table 4.1. The
estimated planetary mass of TOI-1728 b (M,, = 26.78*313 Mg, R, = 5.05%0-19R) has
a uncertainty of approximately 20% (Kanodia et al., 2020). I examined the effect
of this uncertainty by assuming mass uncertainties of 20% and 10%. The simulated
spectra for different cloud pressures and with 14 observations (required for Tier-2)
are shown in Figure 4.31.

The results of the retrieval are reported in Figure 4.32 and summarised in Table
B.13. Also in this case the precision on the mass does not impact the results and
the KS test test on the cloud distribution obtained from the Tier-1 planned transits
(No»s = 1, see Figure 4.33) allow to derive the cloud distribution to decide the
strategy to be adopted in Tier-2.
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Ficure 4.31: Spectra of TOI-1728 b, as observed by Ariel, obtained considering different cloud
pressures.
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Ficure 4.32: Impact of the mass uncertainties on the retrieval performed for the hypothetical pri-
mordial atmosphere of TOI-1728 b for different cloud pressures. Colour scale and description of the

figure are the same as in Figure 4.3.
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Ficure 4.33: (A) Spectra of TOI-1728 b, as observed by Ariel, obtained considering different cloudy
scenarios and assuming the number of transits required for Tier-1. (B) Comparison between the
retrieved cloud pressure of TOI-1728 b obtained for different cloud pressures as a function of the
mass uncertainty. Colour scale and description of Figure B are the same as in Figure 4.3.

4.1.10 HATS-37A B

The distribution of the parameters of the discovered planets is far from homoge-
neous. This is due to observational biases and variations in the intrinsic occurrence
of planets as a function of their physical parameters and those of their host stars. An
example of intrinsically low occurrence rates is the so-called Neptune desert, a term
coined by Mazeh et al. (2016) to describe a wedge in the period-mass or period-
radius diagram where close-in (P < 5 days) planets with radii similar to Neptune

are very rare and essentially nonexistent for P< 3 days.
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Ficure 4.34: Spectra of HATS-37A b, as observed by Ariel, obtained considering different cloud
pressures.
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Ficure 4.35: Impact of mass uncertainties on the retrieval performed for the hypothetical primor-
dial atmosphere of HATS-37A b for different cloud pressures as a function of the mass uncertainty.
Colour scale and description of the figure are the same as in Fig. 4.3.
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Jordan et al. (2020) reported the discovery by the HATSouth survey of two
transiting Neptunes in the desert. HATS-37A b is a Neptune-like exoplanet or-
biting a G-type star. It has a estimated mass M, = 31.5 + 13.3M; and a radius
R, = 6.79 + 0.18Rg. The host star HATS-37A has an apparent magnitude of 12.3,
and an absolute magnitude of 5.6. It is 0.8 times more massive and 0.9 times larger
than our Sun. These objects for their rare frequency are therefore very interesting
for Ariel.

In Fig 4.34 T showed an example of the simulated spectra of HATS-37A b at
different cloud pressures, taking into account the number of transits required for
Tier-2 (N,s = 20).

Since Jordan et al. (2020) estimated the mass of HATS-37A b with an uncer-
tainty of ~ 42% 1 performed the retrieval considering mass uncertainties of 42%,
30% and 10%. I reported the results obtained for the primordial atmosphere of
HATS-37A b in Figure 4.35 and I also summarised them in Table B.14.

When the cloud pressure gets closer to 1073 bar, the estimation of the atmo-
spheric parameters is moderately precise for the CH,4, the most prominent detectable
features on the spectrum, and not precise and accurate for the other atmospheric
components, such as H,O and CO. However, these results do not depend on the
mass uncertainty and suggest that a mass uncertainty of 42% is sufficient to retrieve

the atmospheric parameters, in particular for P4, > 107 bar.
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Ficure 4.36: (A) Spectra of HATS-37A b as observed by Ariel obtained considering different cloudy
scenarios and assuming the number of transits required for Tier-1. (B) Comparison between the
retrieved cloud pressure of HATS-37A b obtained for different cloud pressures as a function of the
mass uncertainty. Colour scale and description of Figure B are the same as in Figure 4.3.

For high altitude clouds, it is difficult to constrain the atmospheric composition.

However, also in this case we will be able to determine the cloud height from Tier-1
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(No»ps = 1, Figures 4.36a and 4.36b), as confirmed by the KS test (p,uue << 0.05), to
take a decision if observe the target in Tier-2.

From Figure 4.35b we can also note that we could estimate the mass with more
precision than what we already know using TauREx. For example, we can refine
the mass to within 20% in the case of Py, = 107! bar, giving an initial mass

uncertainty of 42%.

4.2  SuB-NEPTUNES AND SUPER-EARTHS - SECONDARY ATMO-

SPHERES

In this section, I analysed the sub-Neptunes and super-Earths selected from the MRS
of Ariel. The atmospheric retrieval of these kinds of planets is challenging because
the mean molecular weight, u, is unconstrained. Small planets might not have a
H,-dominated atmosphere and the dominant gas is often unknown. For the selected
targets the forward spectra were obtained using H,O and CH, as trace gases, with
mixing ratios of 10~ and 6 x 107, and supposing different values of the mean
molecular weight (u = 2.3, N,/He = 1071%; u = 7.6, N,/He = 2) to explore different
atmospheric compositions. I considered N,-dominated atmosphere and used the N,
to increase the mean molecular weight of the atmosphere. That is, as demonstrated
in Di Maio, C. et al. (2023), one of the most unfavourable scenarios since diatomic
background gases, such as H, and N, referred to as spectrally inactive gases, do
not exhibit strong vibrational absorptions bands, so they do not produce traceable
features directly observable in the spectrum.

The comparison between the results obtained in the two different atmospheric
cases could allows to test our capability to discriminate between primordial (¢ =

2.3) and secondary atmosphere.

4.2.1 GJ9827 ¢

GJ 9827 is known to host three super-Earths with radii between approximately 1
and 2 Rg, and with orbital period of 1.21, 3.65 and 6.21 days (Niraula et al., 2017;
Rodriguez et al., 2018). The star has a V-band magnitude of 10.25, a mass of 0.606
Mo, and a radius of 0.63 R,. The characteristics of the star and its orbiting planet,
GJ 9827 ¢ (M, = 1.92 + 0.49 Mg, R. = 1.201 + 0.046 Ry), are listed in Table 4.2.
Kosiarek et al. (2021) estimated the mass of GJ 9827 ¢ with an uncertainty of about
25%. 1 investigated the impact of this uncertainty by considering precision levels of

25%, 20% , and 10%. The simulated spectra were obtained taking into account the
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number of transits required for the Tier-2 (N,,, = 11).
In Figure 4.37, I showed the simulated spectra for different cloud pressures,

obtained using the parameters listed in Table 4.2.
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Ficure 4.37: Simulated spectra of GJ 9827 c as observed by Ariel, obtained considering different
cloud pressures and mean molecular weights.

As can be seen in Figure 4.38 and Table B.15, for u = 2.3 we are able to ac-
curately retrieve all the parameters, while some discrepancies appear in the atmo-
spheric retrieval for the heaviest atmosphere scenario (u = 7.6). In particular, for
u = 2.3 we are able to accurate retrieve the CH, mixing ratio when P4, > 107!
bar, while we not accurately retrieved the H,O and the mean molecular weight in
all the tested cloudy scenarios. However, all these results are not dependent on the
mass uncertainties (see light coloured boxes in Figure 4.38).

These discrepancies and the inability to constrain the atmospheric components
are due to the lower SNR in the simulated spectra obtained with the greatest con-
sidered mean molecular weight. Indeed, as shown in Figure 4.37b, when the atmo-
sphere is dominated by N, (u = 7.6, N,/He = 2) and the cloud pressure decreases,
the spectra are dominated by the noise, making it difficult to detect the spectral
features of H,O and CH,4. To test the impact of the SNR and to understand if the
composition of the atmosphere can be better constrained with an increased SNR,
a retrieval was performed assuming N,,, = 22, a number of transits twice than re-
quired for the Tier-2. The results of this test are shown in Figure 4.38 with dark

coloured boxes and summarised in Table B.16.
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Ficure 4.38: Impact of mass uncertainties and number of transits on the retrieval of hypothetical
N,-dominated secondary atmosphere of GJ9827 ¢ (u = 7.6) with different cloud pressures (P jouas =
10" bar in green, P puqs = 1 07! bar in orange and P jyuqs = 1 073 bar in magenta) as a function of
mass uncertainty. The darker colours represent the results with N,ps = 22, a number of transits two
times higher than Tier-2 requirement. The blue line highlights the input value. Points alongside the
boxes show the MAP (maximum-a-posteriori) for each case. The size of the boxes and the vertical
segments represent the points within 1o and 20 of the median of the distribution (highlighted with
solid lines), respectively.

We observe that even when N, = 22, we are not able to retrieve the H,O mixing

ratio accurately. However, when comparing the results to those obtained with N,
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= 11, we see an improvement in the accuracy of the MAP retrieved values. Further-
more, in the clear-sky case, we are able to retrieve the mean molecular weight with
moderate accuracy and precision. The improved SNR allow us to accurately retrieve
the MAP values of the mean molecular weight, with moderate accurate values for
high altitude clouds.

These results suggest that for this target, the precision level of 25% for the plan-
etary mass is sufficient, and an increased precision in the mass estimation does not
improve our accuracy in atmospheric retrieval. On the other hand, an increased
number of transits, two times (or more) greater than the current requirements for
Tier-2, is highly recommended to accurately characterise the atmospheric composi-
tion.

The results obtained for the two different values of mean molecular weight sug-
gest that we are able to distinguish between primordial and secondary atmospheres.
In the primordial case, we were able to precisely determine the mean molecular
weight. However, for the case where u = 7.6, the wide range of mean molecular
weight distributions suggests the presence of a secondary atmosphere, although we
are unable to accurately and precisely determine its composition.

For this target, I also verified that the Tier-1 planet transits (N,,; = 1) are suffi-
cient to discriminate between different cloudy conditions and between the primor-
dial and secondary atmosphere (pyqe << 0.05 for both cases and comparing all the

tested scenarios).

422 LTTI1445A B

LTT 1445 is a hierarchical triple M-dwarf star system located at 6.86 pc away (Gaia
Collaboration et al., 2016; Lindegren et al., 2021). The primary star, LTT 1445 A,
with a mass of 0.257 My, and a radius of 0.268 Ry, is the most massive member
of this triple system and is known to host the transiting planet LTT 1445A b, with
an orbital period of 5.36 days. This makes it the second-closest known transiting
exoplanet system, and the closest one with a M-dwarf host. LTT 1445 A and its
orbiting planet were characterised by Winters et al. (2019, 2022). In the first study,
they estimated the planetary mass with an uncertainty of about 90% (M,, = 2.2*}7
Me, R, = 1.387913 Ry), while in the most recent work, they obtained a more precise

-0.12
estimation of the mass of the planet (M, = 2.87*03% Mg, 6M ~ 10%). The main
characteristics of this target and its host star are reported in Table 4.2.

In Fig 4.39 I showed the simulated spectra of LTT1445A b with different mean
molecular weights, assuming different cloudy scenarios. 1 compared the simulated

spectra obtained using the parameters from Winters et al. (2019) and Winters et al.
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(2022) in Figure 4.40. For both cases, I assumed the number of transits required for
Tier-2 (N,,; = 4), which was estimated based on the parameters from Winters et al.
(2019). This may not guarantee the needed SNR in the simulated spectra obtained

assuming the parameters estimated by Winters et al. (2022).
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Ficure 4.39: Simulated spectra of LTTI445A b as observed by Ariel, obtained considering different
cloud pressures and mean molecular weights, using the Winters et al. (2019) parameters.
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Ficure 4.40: Simulated spectra of LITI445A b as observed by Ariel, for different mean molecular
weights, obtained using the parameters from Winters et al. (2019) and Winters et al. (2022), and
supposing a clear sky N,-dominated secondary atmosphere.

As seen in Figure 4.39, in the scenario with the highest cloud pressure (P a5
= 1073 bar, shown in green) and mean molecular weight, the clouds dominate the
spectrum, making it nearly flat. In this situation, with both high cloud pressure and
high mean molecular weight, the SNR is lower and spectral features are difficult to
detect.
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Ficure 4.41: Impact of the mass uncertainties on the retrieval performed for the hypothetical N,-
dominated secondary atmosphere of LTTI445A b (u = 7.6) for different cloud pressures (P jouas =
10" bar in green, Pupuqs = 107" bar in orange and Pp,qs = 107 bar in magenta) as a function of the
mass uncertainty. The blue line highlights the input value. The points alongside the boxes highlight
the MAP values obtained for each analysed case. The size of the boxes and the vertical segments
represent the points within 1o and 20 of the median of the distribution (highlighted with solid lines),

respectively.
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Figure 4.40 also shows that the main spectral features in the spectra generated
using the parameters from Winters et al. (2022) are less distinct and the SNR is
lower for both mean molecular weight values compared to the spectra generated
using the parameters from Winters et al. (2019). The reason for these discrepancies
is the determination of the stellar and planetary radii. Specially, the parameters from
Winters et al. (2022) result in RIZ7 /R* ~ 0.199, while the parameters from Winters
et al. (2022) result in RIZ, /R* ~ 0.193. Given these differences, it is reasonable to
expect less accurate atmospheric parameter determination from retrievals performed
on simulated spectra obtained using the parameters from Winters et al. (2022). Also,
demonstrated in previous cases, it could depend on the gravity of the planet, that
determines the scale height and then the SNR, and that is lower if we considered the

Winters et al. (2019) parameters.

Figure 4.41 shows the results obtained using the parameters from Winters et al.
(2019) with different mass uncertainties of 90%, 50%, 30% and 10%. Additionally,
I conducted a similar test using the parameters obtained from Winters et al. (2022)
with a mass uncertainty of 10% (represented in the gray section of the plots). The

results are summarised in Tables B.17 and B.18.

From Table B.17 , we can see that for u = 7.6, the H,O mixing ratio cannot
be accurately retrieved even with a mass uncertainty of 30% or 10%. The accuracy
improves in the clear-sky atmosphere and when considering the MAP values. The
CH, is easier to detect, and we can accurately retrieve this parameter when P45 >
107! bar, with some discrepancies appearing in the presence of high altitude clouds.
The mean molecular weight is moderately accurately retrieved in the clear-sky case,

but cannot be retrieved in the presence of clouds.

These results are not impacted by the knowledge of the mass, as confirmed
by the test with a mass uncertainty of 10% (see Table B.18). The results of the
retrieval performed on the spectra simulated using the parameter of Winters et al.
(2022) (shown in the grey part of the plots) are not better, and in some cases, they
are even worse compared to the results obtained using the Winters et al. (2019)
parameters. In particular, the H,O and mean molecular weight parameters go from
being moderately accurate to inaccurate in the clear-sky case. This is due to the
lower SNR of the Winters et al. (2022) spectra compared to the SNR of the Winters
et al. (2019) spectra.

These results highlight the importance of ensuring adequate SNR and suggest
that, in this case, an increased number of transits may be necessary to improve the
accuracy of the results, despite the excellent mass estimate performed by Winters
et al. (2022).
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Ficure 4.42: Impact of the mass uncertainties on the retrieval performed on the simulated spectra
of LTT1445A b obtained considering Peouas = 107 bar, and assuming the Winters et al. (2019) pa-
rameters and exploring the parameters space using a gaussian prior for the planetary mass centred
at the planetary mass obtained by Winters et al. (2022). In green the results obtained assuming a
primordial atmosphere (i1 = 2.3), in orange the results obtained for the secondary atmosphere (u =
7.6). The horizontal lines highlight the input values. The size of the boxes and the vertical segments
represent the points within 1o and 20 of the median of the distribution (highlighted with solid lines),
respectively.
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Since the two different mass estimation, I tested our capability of accurately
retrieving the atmospheric composition when we have minimum or wrong informa-
tion about the mass. I simulated the spectra assuming the mass obtained by Winters
et al. (2019) and considering an intermediate cloudy scenario (P.qs = 107! bar),
and then I performed the retrieval exploring the parameters space around the plane-
tary mass obtained by Winters et al. (2022) with a gaussian prior and with different
mass uncertainties (10%, 30%, and 50%).

As we can see from Figure 4.42, and also from Table B.19, we are able to accu-
rately retrieve the atmospheric composition in the case of a primordial atmosphere.
For u = 7.6, we accurately and precisely retrieved the CH4 mixing ratio, while the
retrieved H,O is not accurate and precise, despite we might increase the accuracy
considering the MAP values. A better estimation of the mass seems to increase
our accuracy in the determination of the mean molecular weight, despite is still not
precise. As we note from Figure 4.42f, these results suggest that we are able to
discriminate between the primary or secondary atmosphere, although we are not
always able to accurately estimate the mean molecular weight in secondary atmo-

sphere cases.

423 K2-3c¢

M dwarfs that host temperate rocky planets exhibit a wide range of physical prop-
erties that can impact habitability.

Furthermore, the fact that these temperate planets are located at different dis-
tances from host stars spanning various spectral subtypes makes their comparative
characterisation particularly interesting. Unfortunately, many of these planets ei-
ther do not transit or their parent star is too faint for detailed follow-up, making
it challenging to robustly characterise these planets and study their interior struc-
tures and compositions. In this context, the planetary system around K2-3 (EPIC
201367065), a nearby (45 pc) MO dwarf (V = 12 mag; J = 9.4 mag), presents an
interesting opportunity for follow-up studies. K2 mission observations showed that
K2-3 hosts at least three transiting small planets (Crossfield et al., 2015): K2-3 b
(R, =2 Rg, P,y = 10 days), K2-3 ¢ (R, = 1.7 Rg, P,,, = 24.6 days), and K2-3 d
(R, = 1.6 Rg, P,,, = 45.5 days).
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Ficure 4.43: Simulated spectra of K2-3 ¢ as observed by Ariel, obtained considering different cloud
pressures and mean molecular weights.

Using Gaussian process regression on radial velocity time series, Damasso et al.
(2018) were able to derive masses for both planet b (M, = 6.6 + 1.1 Mg - M =
40%) and planet ¢ (M, = 3.1 j}j Mg). The main properties of K2-3 ¢ and its host
star are listed in Table 4.2.

To test the impact of planetary mass uncertainty, I performed retrievals assuming
the precision of 10%, 30%, and 40%. I simulated the spectra of K2-3 ¢ assuming the
number of transits required for Tier-2 (N,,; = 95). All the results are summarised
in Table B.23 and in Figure 4.44.

As in the previous case, for the primordial case we are able to accurately retrieve
all the atmospheric parameters. For u = 7.6, the most prominent spectral features
of CH, between 3 and 4 um, can be accurately retrieved when P,,ss => 107! bar,
and also the H,O is accurately retrieved in the clear sky case, but with not accurate
precision. Furthermore, in the clearsky case we are able to moderately accurately
retrieve the mean molecular weight, and the accuracy increase considering the MAP
values. Additionally, in the presence of clouds we are not able to retrieve the H,O
and the mean molecular weight.

However, in light of these results, we can discriminate if the planet has a sec-
ondary atmosphere despite the wide range of the 1o distribution of the derived u
(see Figure 4.44f). I also verified our capability to discriminate between the pri-
mary and secondary atmosphere and the cloudy condition since the Tier-1 (N,s =
7, Pvatue << 0.05).

These results are not correlated with the planetary mass uncertainty, so the cur-
rent mass estimate is sufficient to retrieve the composition of the atmosphere in

non-extreme cases of clouds and mean molecular weight.
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Ficure 4.44: Impact of the mass uncertainties on the retrieval performed for the hypothetical N,-
dominated secondary atmosphere of K2-3 ¢ (u = 7.6) for different cloud pressures. Colour scale and
description of the figure are the same in Fig. 4.3.

136



4.2. SuB-NEPTUNES AND SUPER-EARTHS - SECONDARY ATMOSPHERES

424 K2-138c

K2-138 is a moderately bright (V = 12.2, K = 10.3) main-sequence K star. It hosts
seven small transiting planets, with sizes ranging from 1.6 to 3.3 R, in a compact
configuration, with orbital periods of 2.35, 3.56, 5.40, 8.26, 12.76 and 41.96 days.
Table 4.2 summarises the parameters of the star and the outer planet K2-138 g (M,
= 43233 Mg, R, = 3.013703%

Figure 4.45 shows the simulated spectra of K2-138 g, considering different

Rg) used for the retrieval.

mean molecular weights and cloud pressures, while taking into account the number
of transits required for Tier-2 (N,,, = 106) to simulate the necessary SNR.

From Figure 4.45b, we can see that the number of transits required for this target
provides a high SNR, and, under these conditions, the spectra do not appear to be
dominated by the noise, allowing the features of H,O and CH4 to be detected in the

simulated spectra with u = 7.6, even in the worst cloudy considered scenario.
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Ficure 4.45: Simulated spectra of K2-138 g, as observed by Ariel, obtained considering different
cloud pressures and mean molecular weights.

Since the mass of the outer planet was estimated by Lopez et al. (2019) with an
uncertainty of about 121%, I performed the retrieval assuming mass uncertainties
of 30%, 50%, and 121%. The results of the retrieval are summarised in Table B.21
and in Figure 4.46).

We can see that a mass uncertainty of 50% leads to a more accurate retrieval of
the planetary mass (see Figure 4.46b). This trend has a slight effect on the retrieved
mean molecular weight, particularly when ¢ = 7.6. In this case, the accuracy of
the u is increased when P4, > 107! bar (see Figure 4.46f). However, the level

precision of the mass does not seem to significantly impact the retrieved values for
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the trace gases (see Figures 4.46d and 4.46¢).
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Ficure 4.46: Impact of the mass uncertainties on the retrieval performed for the hypothetical N;-
dominated secondary atmosphere of K2-138 g (u = 7.6) for different cloud pressures. Colour scale
and description of the figure are the same in Fig. 4.3.

From Figure 4.46¢, it appears that we might be able to distinguish between

no/low and high altitude clouds. I also verified that the Tier-1 planet observations

(N,ps = 7) are sufficient to discriminate between different cloudy conditions and

between primordial and secondary atmosphere cases (pyane << 0.05). In light of

this evaluation, made during the first tier of the mission, we may decide to either
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slightly increase the number of transits, despite it already being time-consuming
with a Tier-2 N,,, = 106, in order to achieve a higher SNR or to exclude this target
from the Tier-2. In any case, an improvement to 6M =~ 50% is necessary for this

target if we want to constrain the u value.

425 K2-32p

K2-32 harbours three planets, K2-32 b, K2-32 ¢, and K2-32 d, with orbital peri-
ods of 8.99 days, 20.66 days, and 31.7 days, respectively. The planets were first
confirmed in the study by Sinukoff et al. (2016). The physical properties and pa-

rameters used to simulate the spectra of K2-32 d are listed in Table 4.2. The number
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Ficure 4.47: Simulated spectra of K2-32 d, as observed by Ariel, obtained considering different
cloud pressures and mean molecular weights.

of transits required for Tier-2 (N,,, = 50) was taken into account when simulating
the spectra. In 2020, Lillo-Box et al. (2020) estimated the mass of K2-32 d with an
uncertainty of 38%. To evaluate the impact of this uncertainty on the atmospheric
retrieval, I performed the retrieval with planetary mass uncertainties of 20%, 30%,
and 38%.

The comparison between the simulated spectra assuming different mean molec-
ular weights and cloud pressures is shown in Figure 4.47. The results of the atmo-
spheric retrieval are presented in Table B.22 and in Figure 4.48.

The number of transits required for Tier-2 provides a high SNR, allowing us
to distinguish the spectral features of H,O and CH4 even in the presence of high
altitude clouds. Thus, a high level of accuracy in the atmospheric retrieval of these

components can be expected.
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Ficure 4.48: Impact of the mass uncertainties on the retrieval performed for the hypothetical N;-
dominated secondary atmosphere of K2-32 d (u = 7.6) for different cloud pressures. Colour scale
and description of the figure are the same in Fig. 4.3.

In the case of u = 7.6, I was able to accurately retrieve the CH, mixing ratio in
all of the tested cloudy scenarios, and with moderate precision when cloud pressure
approached 1073 bar. However, I was unable to determine the H,O mixing ratio,
except for the clear-sky scenario, and these results appear to be independent of
planetary mass uncertainty (see Figures 4.48d and 4.48e). The mean molecular

weight was accurately or moderately accurately, and moderately precisely retrieved



4.2. SuB-NEPTUNES AND SUPER-EARTHS - SECONDARY ATMOSPHERES

when cloud pressure was equal to or greater than 10! bar, while it could not be
retrieved in the presence of high altitude clouds (Figure 4.48f).

In conclusion, for this target, the mass estimation is sufficient to characterise
the atmosphere in the case of low altitude clouds. However, in the presence of
high altitude clouds, we may not be able to accurately retrieve the atmospheric
composition independently from the planetary mass uncertainty estimation.

I also performed the retrieval for the simulated spectra obtained assuming the
number of transits required for the Tier-1 (N,,, = 3) and verified that since the first
tier we are able to discriminate between the primordial and secondary atmosphere

and between different cloudy scenarios.

4.2.6 HIP41378 B

HIP 41378 is a slightly metal-poor, late F-type star located 116 + 18 pc from Earth,
with moderate rotation (vsini ~ 7 km s™!), and a brightness of 8.9 in V magnitude
and 7.7 in K magnitude, making it one of the brightest planet host stars discovered
by Kepler or K2. The planetary system around HIP 41378 is complex, consisting
of two sub-Neptune planets and three larger planets in longer orbits. The innermost
planet, HIP 41378 b, has a 15.6-day orbital period and a radius of 2.9 Rg.
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Ficure 4.49: Simulated spectra of HIP 41378 b as observed by Ariel based on different cloud pres-
sures and mean molecular weights.

The mass of this planet was estimated using a mass-radius relation. For this
reason, [ assumed an uncertainty of 100% and I performed the retrieval considering
uncertainties of 30%, 50%, and 100%. To simulate the Ariel spectrum ArielRad

was used to calculate the SNR based on the number of transits required fro the Tier-
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2 (Nyps = 83). The key parameters of HIP 41378 b and its host star are listed in
Table 4.2.
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Ficure 4.50: Impact of mass uncertainties on the retrieval performed for the hypothetical N,-
dominated secondary atmosphere of HIP41378 b (u = 7.6) for different cloud pressures as a function
of the mass uncertainty. Colour scale and description of the figure are the same in Fig. 4.3.

Table B.20 and Figure 4.50 summarise the results of the retrievals. For the case
with u = 7.6 we are able to accurately retrieve the CH, mixing ratio, while the
H,O0 cannot be constrained. Figure 4.50f shows that a mass uncertainty of 50% is

necessary to retrieve the mean molecular weight, but in the presence of high altitude
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clouds, even a mass uncertainty of 30% is not sufficient. Additionally, discrepancies
are evident in the retrieved cloud pressure (Figure 4.50c). In presence of the clouds
we are able to moderately accurately and moderately precisely retrieved the cloud
pressure. However, with the KS test I verified that we are able to discriminate
between the different cloudy conditions since from the Tier-1 (N, = 9).

These results suggest that improving the precision of the mass estimate to a
uncertainty of about 50% is necessary to determine the presence of a secondary
atmosphere. Although improving the SNR would also be beneficial, given the
large number of transits required for the Tier-2, it would be time-consuming. In
light of these considerations, a preliminary study during Tier-1 could provide some
insight into the cloud scenario, enabling us to distinguish between a clear-sky or
low altitude cloud scenario (Pygs > 107! bar) and a high altitude clouds scenario
(P.jouas = 1073 bar). In the latter case, given the difficulties in retrieving the mean
molecular weight in the presence of high altitude clouds, it may be necessary to

evaluate if excluding this target from the Tier-2.

4.277 TOI-269 B

TOI-269 is an M dwarf located at a distance of 57.023 + 0.076 pc (Gaia Collabora-
tion et al., 2018; Lindegren et al., 2018). According to Cointepas et al. (2021), the
star has a mass of M, = 0.3917 + 0.0095 M, and a radius of R, = 0.398 = 0.012
Ry, which are the same values given in the TESS Input Catalog (TIC-v8; Stassun
et al. (2019)).
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Ficure 4.51: Simulated spectra of TOI-269 b as observed by Ariel, obtained considering different
cloud pressures and mean molecular weights.
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Ficure 4.52: Impact of the mass uncertainties on the retrieval performed for the hypothetical N,-
dominated secondary atmosphere of TOI-269 b (u = 7.6) for different cloud pressures. Colour scale
and description of the figure are the same in Fig. 4.3.
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They also obtained an effective temperature T = 3514 + 70 K. It hosts a tran-
siting sub-Neptune close to the transition between super-Earths and sub-Neptunes
(M, =8.80 = 1.40 Mg, R, = 2.77 £ 0.12 Rg). All the parameters used in the re-
trieval and to estimate the noise from ArielRad are listed in Table 4.2. In Figure
4.51 I showed the spectra simulated taking into account the noise obtained from
ArielRad obtained assuming the number of transits required for the Tier-2 (N,s =
73), considering different mean molecular weights and cloud pressures.

Since Cointepas et al. (2021) reported a mass estimation with a precision level
of about 16%, I performed the retrieval analysis with mass uncertainties of 16% and
10%. The results are reported in Figure 4.52 and also summarised in Table B.24.

In the case of u = 2.3 we are able to accurately retrieve the atmospheric com-
position, with a moderately accurately and moderately precisely estimation of the
H,O in the presence of high altitude clouds. For u = 7.6 discrepancies in the re-
trieved value for the trace gases are noted. In particular, we are able to accurately
retrieve the CH, mixing ratio for P, > 107! bar, while we obtained a not ac-
curate estimation in the presence of high altitude clouds. On the other hand, the
accuracy of the H,O mixing ratio retrieval is good for the MAP values and poor for
the distributions, with a moderately accurately value obtained also in the clear-sky
case. The mean molecular weight is difficult to constrain, and the retrieved value is
moderately accurate in the clear-sky case, while is not accurate in the presence of
clouds.

In conclusion, for this target, the precision of the mass estimate is sufficient to
accurately retrieve the atmospheric composition in non-extreme scenarios, while an
increased number of transits could contribute to an improvement in the accuracy of
the results. However, I verified with the KS test that we are able to discriminate be-
tween different cloudy conditions and between primordial or secondary atmosphere
cases since the Tier-1 (N,,; = 4), allowing to take an informed decision if include

the planet in Tier-2 sample.

4.3 SUMMARY AND CONCLUSIONS

The analysis performed on the selected subsample allowed me to explore a number
of different situations that can occur in Ariel observations with the goal to establish
for the various scenarios the way to proceed to obtain useful Ariel observations. The
main results obtained from this analysis primarily concern the role of the precision
on the mass estimation and the SNR. I explored also the impact of a wrong mass

estimation. In particular, the results confirmed that a minimum mass uncertainty
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better than 50% is not particularly useful for accurate retrieval of the atmospheric
composition. Generally, the retrieval is more accurate in cases of primary atmo-
spheres, even in the presence of high altitude clouds. For secondary atmospheres,
the retrieval is less accurate compared to primary cases.

For each retrieved quantity I estimate accuracy and uncertainty. In general, the
retrieval is moderately accurate in the presence of clouds, with the CH;s mixing
ratio almost always being accurately retrieved. However, the spectral features that
are most difficult to determine are H,O and the CO mixing ratio for the primordial
cases, which is almost never recovered in the most extreme scenarios. For these
reasons, a preliminary feasibility analysis of the targets during Tier-1 is strongly
recommended. In many of the targets that were tested, our capability to retrieve the
cloudy configuration or the presence of a secondary atmosphere during Tier-1 was
successful.

It is important to highlight that for the sub-Neptunes and super-Earths, the anal-
ysis was performed considering N,-dominated secondary atmospheres. As demon-
strated in Di Maio, C. et al. (2023), this is one of the worst-case scenarios. However,
different cases, such as H,O- or CO-dominated secondary atmospheres, which are
characterised by traceable molecular features directly observable in the spectrum,
represent more favourable cases for the inverse models. This results in more accu-
rate retrievals compared to the N,-dominated ones.

Furthermore, the most important parameter that seems to impact all the retrieved
components is the SNR. The analysis described in this chapter highlights the ex-
treme importance of ensuring adequate SNR, particularly in secondary atmosphere
cases and in the presence of clouds. This is connected with the estimation of the
mass, as the capability to detect the planetary atmosphere depends on the true mass
value, which determines the scale height and, subsequently, the SNR.

In this context, it is important to establish the Ariel main goal for each target. If
our aim is to characterise the presence of the atmosphere, but we are not interested
in an accurate estimation of its components, low SNR may still allow us to achieve
our goal. However, for an accurate determination of the atmospheric components,
adequate SNR is of primary importance. For this reason, we may have to exclude
some targets that would require a number of transits too large to be fitted into the
Ariel schedule.

I reported below some indications for each target:

e Neptunians:

— In all explored cases, starting from Tier-1 observations, according to

Edwards and Tinetti (2022), it is possible to identify the presence of
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high clouds.
— Trace gases:

- CH4 mixing ratio is accurately recovered in all cases when 6M <
50% and P4, > 107! bar;

- H,O mixing ratio is accurately retrieved when P4, > 107! bar,
except for AU Mic c spectra simulated using the Zicher et al. (2022)
parameters. For HD 152843 b, Kepler-450 b, and HATS-37A b, the
retrieval is accurate even in the presence of high altitude clouds.
The retrieval of H,O becomes more accurate for low gravity plan-
ets, as confirmed by the analysis performed on KOI-94 c, and on
AU MIC c, where double of transits required for Tier-2 (Edwards

and Tinetti, 2022) allow to increase the accuracy of the retrieval.

- CO mixing ratio is the most difficult parameter to be constrained. It

is retrieved in all the cases when P4, > 107! bar.

e sub-Neptunes and super-Earths:

— In all explored cases, we are able to distinguish between primordial and
secondary atmospheres and between different cloudy conditions, even
when assuming the number of transits required for Tier-1, according
to Edwards and Tinetti (2022). This is an important result that will be

useful in the Ariel target scheduling.

— For u = 2.3 all the atmospheric parameters are accurately retrieved, in-
cluding the mean molecular weight, with the exception of LTT1445A
b spectra obtained assuming the Winters et al. (2019) parameters, and
of TOI-269 b spectra, where in the presence of high altitude clouds the

H,O0 is not accurately and moderately accurately retrieved, respectively.
— For yu = 7.6 cases:

- the CH4 mixing ratio is generally accurately retrieved when P45 >
107! bar. It is not accurately retrieved in the presence of high alti-
tude clouds, except for K2-32 d spectra where it is accurately and

moderately precisely retrieved even in the worst cloudy scenario.

- the H,O mixing ratio is more difficult to be constrained. In partic-
ular, we are able to accurately/moderately accurately retrieve it in
the clearsky case and when 0M < 50%, for LTT 1445A b, K2-138
g, and K2-32 d.
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- the mean molecular weight is the parameter that shows the most
complex behaviour as a function of cloudy scenarios and mass un-
certainty estimation. In general, it is accurately or moderately ac-
curately retrieved for the clear sky case and for 6M < 50%. In
some cases, we obtain moderately accurate retrieval in the presence
of low altitude clouds (e.g., HIP 41378 b, K2-32 d), while it was
difficult to be constrained when P4 = 107 bar. It is important
to highlight that increased accuracy could be obtained by increas-
ing the number of transits required and thus the SNR. For example,
in the case of GJ9827 c, doubling the number of transits assumed
by Edwards and Tinetti (2022) resulted in a moderately accurate

retrieval of the u value in the clearsky case.

— An important test was also performed on LTT 1445A b, to check not
only the effect of mass uncertainty but also the impact of a wrong es-
timate or no information. In the forward model, we assumed an input
value for the planetary mass that was not necessarily within the prior
boundaries of the retrieval. Nevertheless, we were able to retrieve all
atmospheric composition parameters in the case of u = 2.3. For the u =
7.6, we obtained an accurate determination of the CH, mixing ratio and

a moderately accurate retrieval for the mean molecular weight.



CHAPTER 5

Optimised radial velocity and spot

modelling

The intrinsic variability that characterises young active stars poses one of the main
challenges in detecting and characterising exoplanets using Doppler spectroscopy.
Stellar activity can induce Radial velocity (RV) signals that mimic the presence
of planetary companions, making it crucial to account for the activity of the star
during the RVs extraction. Active stars are often fast rotators and in this work,
I present a method to optimise the RVs extraction of fast rotating stars, based on
the cross correlation function (CCF) technique. I developed the SpotCCF model,
which accounts the presence of multiple spots on the stellar surface by adapting the
equation of the rotational broadening.

The content of this chapter is part of an article in preparation with the title "The
GAPS programme at TNG. Optimised radial velocity and spot modelling in young-
active stars".

The method described in this chapter was also applied to extract the RVs of the
active M dwarf TOI-5375, as discussed in the paper entitled "The GAPS programme
at TNG. XLVII. A massive brown dwarf orbiting the active M dwarf TOI-5375"
(Maldonado et al., 2023), which has been accepted for publication to the Astronomy
& Astrophysics journal, and I am a co-author.

5.1 INTRODUCTION

Since the discovery of the first exoplanet approximately 30 years ago, numerous re-
search groups and resources have been dedicated to the discovery and characterisa-
tion of new exoplanets. Advances in instruments and the development of improved
analysis techniques have paved the way for the detection of Earth-like exoplanets,
rocky planets orbiting in the habitable zone of their star.

One of the main methods used to detect and characterise planetary companions
is Doppler spectroscopy, which measures the RV variations of the star due to the

presence of the planet (see Section 1.2.2). This technique pioneered the discovery
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of 51 Peg b (Mayor and Queloz, 1995), the first exoplanet found orbiting a main se-
quence star. However, a major challenge in the search for exoplanets is the intrinsic
variability of the stars. Late-type main-sequence stars exhibit observable evidence
of magnetic activity, which manifests in various phenomena such as starspots, chro-
mospheric plages, heating of the chromosphere and corona, and impulsive flares.
Starspots are regions on the stellar photosphere where magnetic field lines obstruct
the convective welling up of hot plasma, resulting in colder areas compared to the
surrounding photosphere (Schrijver et al., 1989; Skumanich et al., 1975; Solanki
et al., 2006; He et al., 2018; Choudhuri, 2017). In general, stellar activity produces
temperature inhomogeneities in the stellar surface and a quenching of the convec-
tive blueshifts of photospheric spectral lines that effect the RV and therefore on the
search for exoplanets: the observed stellar light contain the signal induced by exo-
planets as well as the stellar variability, which can be large enough to overshadow
the planetary signal. In some cases, instead, the radial velocity periodicity induced
by stellar activity and rotation may produce spurious signals that mimic the planet

signatures.

The study of the physical properties of the exoplanets, along with the physical
characterisation of their host stars, is one of the main steps towards understand-
ing the formation and evolution mechanisms of the planetary systems, which are

currently a matter of extensive debate.

In this regard, studying planetary systems at young ages can provide valuable
insights into the processes of formation and migration, as well as the physical evo-
lution and evaporation of planets under high-energy irradiation. Although the high
level of the stellar activity makes more challenging the search of the new exoplan-
ets candidates, it’s crucial to monitor and study young (< 20 Myr) and intermediate
age (<700 Myr) stars to search for planets in formation or at the early stage of their

evolution within the timescales of migration.

Additionally, stellar rotation plays a key role in the generation and amplifica-
tion of surface magnetic field, and numerous studies have searched for relation-
ships between magnetic activity and stellar rotation (e.g., Noyes et al., 1984; Rutten
and Schrijver, 1987; Pizzolato et al., 2002; Schrijver and Zwaan, 2000; Pizzolato
et al., 2003). The rotation-activity relationship was considered to be an indirect one,
through stellar age. Skumanich (1972)’s work was the first to suggest a relationship
between rotation velocity, chromospheric emission and stellar age, showing a decay
of the rotation velocity and chromospheric emission as the inverse square root of the
age.

The extraction of radial velocities from the high-resolution spectrographs HARPS
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and HARPS-N observations is typically performed by using the HARPS Data Re-
duction Software (DRS) pipeline (Pepe et al., 2002) or the HARPS Template-Enhanced
Radial velocity Re-analysis Application (TERRA) pipeline (Anglada-Escudé and
Butler, 2012).

The DRS pipeline extracts the RVs from the cross correlation function (CCF).
The CCF is computed by correlating the measured spectrum with a weighted binary
mask, and is constructed by shifting the mask as a function of the Doppler velocity.
The binary mask consists of a set of boxcar functions (a rectangle shaped function
that has a constant value over a specific range and is zero elsewhere) centred at the
nominal wavelength of absorption lines that are present in the stellar spectrum. The
boxcar functions can have different weights depending on how much RV informa-
tion is contained on each line. The weight in the mask is larger for the deepest
and narrowest lines (Pepe et al., 2002). The resulting CCF is a function describing
somehow a flux weighted "mean" profile of the stellar absorption lines transmitted
by the mask. The minimum of the CCF as a function of the Doppler offset is the
desired RV measurement. The shape of the CCF is usually fitted to find the stellar
radial velocity using the Gaussian profile (Baranne et al., 1996; Pepe et al., 2002).

The CCF method is the standard approach for precise RV measurements of
FGK-type stars. These classes of stars are known to have a number of resolved
and unblended absorption lines in the visible spectra which makes them ideal to be
represented by a weighted binary mask. In the M stars, instead, due to their lower
temperatures, the spectra display a forest of lines that in most cases are blended,
making their identification and consequentially the construction of a mask, more

challenging. Similar problems are present for rotating stars.

On the other hand, the TERRA pipeline uses in a least-squares matching of a full
spectrum template to the observations for RV extraction (Anglada-Escudé and But-
ler, 2012; Astudillo-Defru et al., 2015). Many studies have shown that the method
used by TERRA provides a significant improvement in accuracy compared to the
CCEF, especially when applied to M dwarfs, as it utilises more Doppler information

from the stellar spectrum (Anglada-Escudé and Butler, 2012; Perger et al., 2017).

Recently, different methods have been proposed to improve the RV extraction,
including approaches that utilise Gaussian processes (Rajpaul et al., 2020). How-
ever, the CCF continues to be useful for studying the stellar activity of stars, includ-

ing M dwarfs.

Young stars are often characterised by high levels of stellar activity, and they
are also rapidly rotating stars. As a result, the spectral lines in their spectra are

distorted due to the rotational broadening, which dominates over other broadening
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effects. Consequently, the shape of the CCF profile cannot be accurately described
by a Gaussian fit, as assumed by the DRS pipeline, but rather by a rotation profile.
Furthermore, since the CCF profile gathers information from each individual spec-
tral line selected in the mask, average changes in the individual line profiles due
to stellar activity are reflected in changes in the CCF shape. The net result is that
the average CCF profile changes from one observation to another, depending on the
instantaneous spot configuration, rendering the use of a reference template, as done
in TERRA, incorrect.

Many authors have attempted to correct for stellar activity when extracting and
analysing the radial velocity using several approaches (Collier Cameron et al., 2021;
Lafarga et al., 2020; Meunier and Lagrange, 2020; Meunier et al., 2017, 2010; Zhao
and Tinney, 2020; Dumusque, 2018, 2016; Dumusque et al., 2014; Aigrain et al.,
2017, 2012). In this work I present SpotCCF, a new method I developed for the
RV extraction based on the CCF fitting. SpotCCF is specifically designed for active

Iand

stars with a significant rotational broadening of the order of few tens of km s~
was turned on the HARPS-N observations of V1298 Tau, a very young fast rotating
star.

This chapter is organised as follows. I describe the target in Section 5.2. I detail
the model in Section 5.3. The CCFs correction and the RVs extraction follow in
Section 5.4 and 5.5. Section 5.6 presents the analysis of the RVs time series and the
comparison with the TERRA dataset. In Section 5.7 I test the detection sensitivity
by direct injection of a planetary signal into the data. The spots characterisation is

discussed in Section 5.8. Conclusions follows in Section 5.9.

5.2 V1298 Tau

V1298 Tau is a young solar-mass K1 star, relatively bright with a visual magnitude
of 10.1 (David et al., 2019a; Suarez Mascarefio et al., 2021). Its estimated effective
temperature is 5050 + 100 K, with solar metallicity, and a luminosity of 0.954 +
0.040 L, (Sudrez Mascarefio et al., 2021). The logarithmic surface gravity is 4.246
+ 0.034 dex (David et al., 2019a). It is located at a distance of 108.6 + 0.7 pc in the
Taurus region and belongs to the Group 29 stellar association (Oh et al., 2017).
V1298Tau was observed in 2015 by NASA’s K2 mission (Howell et al., 2014),
which led to the discovery of four transiting planets, all with sizes ranging from
Neptune to Jupiter (David et al., 2019a,b). The three inner planets have well-
constrained orbital periods of about 24.1396 + 0.0018, 8.24958 + 0.00072 and

12.4032 + 0.0015 days, and radii of 0.91670037, 0.499%09%% and 0.572*003 R, re-



5.2. V1298 Tau

spectively. The outer planet, e, has a more uncertain orbital period (40-120 days) as
it was detected with a single transit event, and a radius of 0.780*00° R,.

Given the youth of the system and its potential to provide insights into the ini-
tial conditions of close-in planetary systems (e.g., Owen, 2020; Poppenhaeger et al.,
2021), extensive follow-up observations have been conducted on V1298 Tau. These
efforts include attempts to constrain planet masses through radial velocities (Beich-
man et al., 2019; Sudrez Mascarefio et al., 2021), measurement of the spin-orbit
alignments of planet c¢ (Feinstein et al., 2021) and planet b (Gaidos et al., 2022;
Johnson et al., 2022), measurement or constraint of atmospheric mass-loss rates
for the innermost planets (Schlawin et al., 2021; Vissapragada et al., 2021; Maggio
et al., 2022), and an approved program to study planetary atmospheres using the
James Webb Space Telescope (Desert et al., 2021).

V1298 Tau is a highly active star that exhibits significant radial velocity (RV)
variations, principally caused by stellar activity. It is a fast rotating star, with a
line-of-sight projected equatorial rotational velocity vsini of 23 + 2 km s~! (David
et al., 2019a), and displays a broadened cross-correlation function (CCF) profile.
This derived rotation velocity is consistent with the value of 23.8 + 0.5 reported by
(Sudrez Mascarefo et al., 2021). The main stellar parameters of V1298 Tau, along

with information about its planets, are listed in Table 5.1.

TasLE 5.1: VI298Tau main parameters

V1298 Tau
Spectral type K1
M, (M,) @ 1.170 = 0.060
R, (Ro) @ 1.278 + 0.0.070
logg (dex) ®  4.246 + 0.034
Age (Myr)@ 20+ 10
T (K) @ 5050 + 100
distance (pc)(© ~108.5+0.7
vsin i (km s™")@ 23.8+0.5
Ponor (d)?) 2.865 + 0.012

Notes. ¥ Sudrez Mascareiio et al. (2021) ) David et al. (2019a) () Gaia Collaboration et al.
(2021) .

I analysed a total of 311 spectra of V1298 Tau, obtained with the HARPS-N
spectrograph (Cosentino et al., 2014), a cross-dispersed high-resolution and high-
stability échelle spectrograph at the Telescopio Nazionale Galileo (TNG). HARPS-
N has a resolving power of R ~ 115 000 and covers a spectral range of 3830-6930
A (see Chapter 2.1). These spectra were collected in the context of the Global
Architecture of Planetary System (GAPS) programme (Covino et al., 2013) between
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March 2019 and March 2023.

5.3 MobELLING OF CCF PROFILES IN PRESENCE OF SPOTS

The aim of this work is to develop a model (SpotCCF) that represents the CCF
profile of active stars with v sin i values of several tens of km s~!, where the CCF is
strongly deformed. In such cases, the spectral lines are distorted due to the rotational
broadening, which has a characteristic shape that dominates the spectral line profiles
when rotation is the main broadening effect. As a result, the CCF is not accurately
described by the Gaussian fit, as employed by the HARPS/HARPS-N DRS pipeline,
but rather by a rotation profile.

Assuming the star to be spherical and rotating as a rigid body, a synthetic spec-
trum can be obtained through the convolution of the spectrum of a non-rotating star
with the rotational profile G(AA) described by Gray’s equation (Gray, 2018).

1 [0 1dy/R
if |VZ| <vypor |A/l| < A/lL
G(AD) =G(v,) ={vL 35 I, cos Bdw (5.1)

0 if [v,| > vy or |[AA] > A,

with v, = vsini where v is the equatorial rotation velocity, and i is the angle of
inclination with respect to line-of-sight. v, represents the AA shift from the line
centre expressed in kilometres per second. The continuum intensity is denoted as
1., while R represents the stellar radius. The stellar disc can be divided into strips
parallel to the projection of the spin axis on the disc itself, and the Doppler shift is
constant along each strip, with the highest shift at the limbs with value v, = vsini.
The integration limits, y;, represent the extremes of the projected stellar disc in the
orthogonal plane where the projections are defined, considering that the origin is in
the star centre.

Here, I evaluate G(AA) assuming the limb darkening law proposed by Claret
(2000), which is the most precise analytical representation of the limb darkening to
date (Howarth, 2011; Morello et al., 2017).

4

I/l(/“l) 1 _ _ /2
O ;ama 1) (5.2)

where A indicates a specific spectral bin/passband; u = cos 6, being 6 the angle
between the line of sight and the normal inward direct the stellar surface (see Figure
5.1). The stellar intensity is denoted with I;(u), while 7,(1) is the intensity at the
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centre of the disc (u = 1). The limb darkening coeflicients are indicated with a,, ;.
This equation describe how the intensity changes at a given distance from the
centre of the stellar disk, since the variable u is related to the radial coordinate in
the projected stellar disc by the relation r = \/1——,112 , where r = 0 at the centre and
r = 1 at the stellar limb.
The limb darkening coeflicients are derived using the database PHOENIX_2012_13
(Claret et al., 2012, 2013) of the ExoTETHyS package (Morello et al., 2020).
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FiGure 5.1: lllustration of the limb darkening geometry. 0 is the angle between the observer and the
normal to the stellar surface in the observation point.

Stars with high v sin i show higher stellar activity level than other stars. For this
reason, to take into account the activity level of the star, the presence of one or more
spots on the stellar disc was included in the model. In the following work, I limit the
presence of surface inhomogeneities to dark spots; in the future I plan to introduce
further structures (i.e. faculae) and to take into account for a temperature different
from zero for the spots.

In Fig 5.2 I sketch the correspondence between position within the Doppler-
shift distribution and longitude on the star for an equator-on aspect of view. Surface
features that alter the amount of the light coming from specific longitude bands
will introduce structures into the rotational profile. In the simplest case, a dark
spot reduces the contribution to the light in one of the strips, as illustrated in Fig
5.2. This produces a dip or notch in the rotation function G(AQ) at the Doppler
shift corresponding to that strip. The bump appears on the short-wavelength side of
the profile as the spot becomes visible on the approaching limb. It migrates across
the profile, growing stronger as the spot becomes more nearly face-on, reaching its
largest size as the spot crosses the star’s meridian. As the bump continues on the
receding side of the disc, the same pattern is played in reverse, the bump fading in

size and moving to its maximum positive Doppler shifts.
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FIGURE 5.2: The upper panels show the spot with its centre in the position (-xo,yo) of the projected
stellar disc. The rotation of the star brings the spot centre to the new position on the disc (xo,Yo).
The lower panels show the rotation profile modified by the presence of the spot. The position in
the Doppler-shift distribution corresponding to the spot (that is darker than the surrounding area),
produces a notch or dip. As rotation carries the spot across the stellar disc, the position of the notch
moves across the Doppler-shift distribution and its strength changes with the projected area of the
spot and for the effect of the limb darkening. Figure adapted from Gray (2018).

More generally, the Doppler shift for a spot of latitude / and longitude L is given
by
AA = vsinicos/sin L km s (5.3)

To take into account the presence of the spot I adapted Gray’s formula (Eq.
5.1) changing the integration limits and computing a rotational profile only across
the portion of the disc covered by the spot. In this way, I obtained the analytical
expression of the Gray’s formula for the spot, G,,(AA4).

So, by subtracting the Gray rotational profile of the spot, G,,(AA1), from the
rotation profile calculated on the entire disc G(A1), I obtain the final rotation profile

G ¢(AA), which takes into account the presence of the spot.
G (AA) = norm[G(AA) — Gpo(AD)] (5.4)

where norm is a normalisation parameter.
However, the analytical calculation of this function is computationally demand-

ing, which is why a numerical model was developed. I constructed a photospheric
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stellar model, where the star is treated as a spherical object that is mapped onto
a Cartesian coordinate system, with a grid of 999 pixels in the range [-1;1], and
each spot is represented as a spherical cap with a radius matching that of the spot.
The stellar flux contribution is calculated for each pixel on the stellar map, with
no contribution from the pixels representing the spots. Finally, the calculated flux

contribution is integrated across each strip of the stellar disc.

To model the CCF, it is necessary to establish the latitude and longitude of the
centre of the spot, as well as the filling factor, to identify the points where the
Gpo(AA) should be calculated, or in the case of the stellar map, the pixels of the
grid representing the spot.

If we use a coordinate system where z-axis is along the line of sight, x and y
identify the orthogonal plane where the projections are defined and the origin is the

star centre, the projected spot centre is in the position (xg,yo)

Xo = cos(l) sin(L) (5.5

vo = sin(/) sin(i) — cos(/) cos(L) cos(i)

with [ and L are the latitude and longitude of the spot, respectively, and i is
the inclination of the stellar spin to the line of sight z (see a detailed derivation in
Appendix C). Since we are assuming a spot with a circular shape, its projection on
the stellar disc will be an ellipse with semi-axes a = Ry,,; and b = R, cos(/) sin(L),
where R;, is the radius of the spot in stellar radii units. The spot filling factor is
ff= R?Imt while the filling factor projected on the stellar disc is the area covered by
the ellipse, ff, = ab = R}, V1 - 72, where r = ,/x2 + 2 is the projected distance

of the spot from the star centre.

I used the relation between the rotational period of the star and the filling factor
obtained by (Messina et al., 2001) to choose the boundaries of the filling factor of

2nR.,
the spot, considering P,,; = —.

The numerical integration does not take into account the wings of the CCF pro-
file because in those points the function is not defined. For this reason, the G (A1)
has been convolved with a Lorentzian function, L(AA), that takes into account the
wings in the CCF profile, given by

2
L(ALy) = - [ 4 (5.6)

my | A% +y?

where v is the scale parameter which specifies the half-width at half-maximum.

157



CHAPTER 5. OPTIMISED RADIAL VELOCITY AND SPOT MODELLING

158

Finally, the model used to fit the CCF profile was described by

Model = G¢(AQ) = L(AQ) (5.7)

5.4 CCFs CORRECTION

In some cases, especially for faint targets, the fiber B of the spectrograph is used
to acquire the sky spectrum, in order to obtain an optimal subtraction of the detec-
tor noise and background. The DRS pipeline computes also the cross-correlation
function (CCF) of the sky spectrum obtained using the fiber B, referred to as CCFj.
Some of the V1298 Tau CCF profiles that were analysed exhibited anomalous de-

formations that were also present in the CCFp (see an example in Figure 5.3). These
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Ficure 5.3: Two examples of CCF profile distorted by the effect of the moon illumination. The top
panel shows the CCF profile of the fiber A. The CCF profile of fiber B, CCFp, is reported in the
middle panel. The black dashed vertical lines highlight the deformations in both profiles. In the
bottom panel the sky-corrected CCF.

types of deformations could appear in the wings or even the core of the CCF profile,

leading to incorrect radial velocity estimations and/or introducing spurious signals.
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According to Malavolta et al. (2017), these deformations may be caused by moon
illumination. To correct for these deformations in all the CCF profiles, I followed
the procedure described in Malavolta et al. (2017). Firstly, I recalculated the CCFp
using the same flux correction coeflicients as those used for the target CCF, dur-
ing the specific acquisition. Next, the CCFg was subtracted from the corresponding
CCF,4. The outcome of this process is the sky-corrected CCF profile (lower panel
of Figure 5.3).

5.5 EXTRACTION OF THE RADIAL VELOCITIES AND SPOT PARAM-

ETERS

The CCF profiles of V1298 Tau, corrected for sky effects, exhibit multiple defor-

mations as shown in Figure 5.4.
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FiGure 5.4: Example of a normalised CCF profile of V1298 Tau. It can be observed that the deformed
profile is due to the presence of one or multiple spots.

I applied SpotCCF to the CCF profiles of V1298 tau in two steps. In the first
step, I used a model that accounted for the presence of one spot on the stellar disc,
which I refer to as the "One-spot model". I explored the full (hyper-)parameter
space using the Monte Carlo (MC) nested sampler and Bayesian inference tool
MultiNest v3.10 (Feroz et al., 2019), with the pyMutliNest wrapper (Buchner,
2016). The priors used in all the analyses described below are summarised in Table
5.2. The MC sampler was set up to run with 5120 live points for both One-spot and

Two-spots models and with a sampling efficiency of 0.5 for all cases considered in
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this study. The log-likelihood function to be minimised is expressed as:

BN 1
I PO 10 6) = =3 - 5 In[2n(0%)] (5.8)

n=

[yn = fot))?
2

1 j

where y, and ¢, are the values of the CCF profile and the Doppler velocities,
respectively; 6 is the array of model parameters, fy(¢) is the model function, N are
the number of CCF points, and o is the white noise term (jitter).

In general, there are four parameters for the star (vsini, RV, v, i), three param-
eters for each spot (latitude, longitude, R;,,;), a normalisation parameter, and the
jitter o;

TABLE 5.2: Priors parameters of the model used for RVs extraction of V1298 Tau.

V1298 Tau
Parameter Prior Description
norm LU(1074,10%)  Normalisation parameter
Stellar parameters
RV (kms~!) U(10,20) Centroid of CCF profile
vsini (kms™!) 24.74 (fixed)  Width of CCF profile
v (kms™) U(1072,10%)  Lorentzian parameter
i (rad) /2 (fixed) Inclinational angle
Spot parameters
latitude (rad) u(o, g)
longitude (rad) U(—m, )
NS LU(1072,0.5)

Notes. Notes. The prior labels of N, U and LU represent normal, uniform and loguniform
distribution, respectively. Longitude and latitude are uniformly distributed in the interval.

To establish the priors for the parameters v sin i, 7y, and i, which should be con-
sistent across all observations, I conducted a series of tests in which I allowed these
parameters to vary within a range around their literature values. In particular, I kept
vsini fixed at 24.74 km s7!, the value most frequently obtained in previous tests,
and the inclination of the rotation axis to the line-of-sight i at 90 degrees (a rea-
sonable estimate derived from the value of v sini). Additionally, I constrained the
latitude of the spots of V1298 Tau to the upper hemisphere of the star, given the
inclination of its rotation axis to the line-of-sight. This star is observed close to
equator-on, such that a spot in the upper or, symmetrically, in the lower hemisphere

of the star, with the same longitude and filling factor, contributes equally to the CCF
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profile. The spot radius, normalised to the stellar radius, was allowed to vary in the
range [1072, 0.5] to prevent spots that were too small to be resolved by the mapping

resolution, or too large and covering the entire stellar surface.
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Ficure 5.5: Examples of CCF profiles of V1298 Tau fitted with "One-spot model" (A) and "Two-
spots model" (B) and the corresponding residuals (in bottom panels). The inset of each plot shows
the location of the spots on the stellar disc, as defined by the fit of both models; the grid indicates
longitudes and latitudes from -90 to 90 degrees with 15-degree intervals.

In the second step, I used a model that accounted for the presence of two differ-
ent spots on the stellar surface (hereafter, "Two-spots model") to fit the CCFE. Note
that this multi-spots model also considered cases where spots were entirely or par-
tially overlapping. I adopted the same priors as the "One-spot model", which are
detailed in Table 5.2. The logarithmic Bayesian evidence, log E, was used as an
estimate of the goodness of the model. There is strong evidence in supporting the
"Two-spots model" for all the analysed CCF profiles of V1298 Tau.

In Figure 5.5, I show an example of a CCF profile of V1298Tau fitted with "One-
spot model" and "Two-spots model", and the corresponding spots configuration. As

an example, Figure 5.6 shows the corner plot of the best-fit parameters acquired
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from fitting a CCF profile of V1298 Tau using the Two-spots model. Here, o is the
jitter noise, which refers to the noise level to be added to the model as an additional
parameter to account for unmodelled contributions or other factors not considered
by the model.
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FiGure 5.6: Examples of corner plot of the best-fit parameters obtained from the fitting of a CCF
profile of V1298 Tau with the "Two-spots model". The red and green lines mark the median and
the maximum-a-posteriori values, respectively, while the dashed black lines are the 16™ and 84™
quantiles. The median values are reported in the title of each histogram. The latitude and longitude
scales are in radians.

5.6 RADIAL VELOCITY TIME SERIES ANALYSIS

The two pipelines that usually have been used to extract the RVs of HARPS/HARPS-
N observation are the DRS and the TERRA pipeline (see Section 2.2). Figure 5.7
shows a comparison on the capabilities of the TERRA and DRS pipelines for the
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extraction of the HARPS-N RVs of V1298 Tau. It can be seen that the root mean
square (RMS) of the RV measurements obtained with TERRA is around 240 m s,
about 650 m s~! smaller that the value obtained with the DRS (RMSpzs) = 890
m s~!). By assuming that smaller RMS of the RV measurements corresponds to
smaller RV noise RMS, we can conclude that the TERRA RVs should be preferred.
This result confirmed that TERRA pipeline is preferred for the radial velocity ex-

traction in case of active stars, showing complex profiles.
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FiGure 5.7: Comparison between radial velocity measurement obtained with the DRS pipeline (blue
empty dots) and TERRA RVs (red points). For each season I indicate the RMS of the corresponding
RV subsample, in blue the RMS of the RVs extracted from DRS and in red the RMS of the TERRA
RVs.

To extract the RVs of V1298 Tau I applied the SpotCCF to model the CCF pro-
files of this target, selecting the best model based on Bayesian evidence values, typ-
ically the Two-spots model. I compared the RV time series obtained with SpotCCF
to the RVs obtained with TERRA pipeline (see Figure 5.8). The RMS of the RVs
obtained with SpotCCF is significantly smaller (between 40% and 60%) than the
RMS obtained with TERRA, with the largest decrease observed during the second
season.

To search for periodicity in the RV data obtained with SpotCCF, I used the gen-
eralized Lomb-Scargle periodogram (GLS, Zechmeister and Kiirster 2009). The pe-
riodogram, see Figure 5.9a, identifies a significant frequency at 0.34716 + 0.00005
d~! (period of 2.8806 + 0.0004 d), corresponding to the rotational period, P,,,, of
the star, and the =1 d~! alias (frequency of about 0.65 d™!). Figure 5.9b shows the
periodogram of the RVs obtained with TERRA pipeline. In this case as well, the
periodogram identifies a significant frequency at the P,,, of the star. However, the
frequency at first harmonic of the P,,, of the star, which is present the TERRA peri-
odogram, disappears in the SpotCCF periodogram. The results of the sinusoidal fit

from both periodograms are summarised in Table 5.3.
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FiGure 5.8: Comparison between radial velocity measurement obtained with the SpotCCF (coloured
filled points) and TERRA RVs (red empty points). For each season I indicate the RMS of the corre-
sponding RV subsample, in red the RMS of the RVs extracted from TERRA and in black the RMS of
the SpotCCF RVs.

TaBLE 5.3: Summary of the sinusoidal fits obtained from the periodograms applied to the V1298 Tau
RVs derived with SpotCCF and TERRA.

Parameter SpotCCF TERRA
Weighted RMS of dataset (m s7h) 115.29 199.27
RMS of residuals (m s~ 1) 101.12 182.49
Mean weighted internal error (m s7h) 6.08 8.79
Best sine frequency (d™!) 0.34716 + 0.00005  0.34722 + 0.00006
Best sine period (d) 2.8806 + 0.0004 2.8800 + 0.0005
Amplitude (m s™") 79+8 115+ 15

The comparison of the results obtained from the two periodograms shows that
both datasets present a significant frequency at the P,,, of the star. However, the RV
semi-amplitude obtained from SpotCCF is about 30% lower that the one obtained
with TERRA, and the RMS of the residuals obtained from the subtraction of the
best sinusoid from SpotCCF RVs is about 45% lower than the TERRA RMS of the
residuals. Furthermore, from the comparison of the phase-fold residuals obtained
in the two different cases (see the bottom right panel in Figure 5.9a and 5.9b) it
can be noted that the modulation present in the residuals of TERRA disappears in
the phase-fold residuals of SpotCCF. This is also confirmed by the periodogram,
as the the SpotCCF periodogram appears cleaner and the rotational period seems
better identified. This may be explained with a substantial removal of a number of
rotation related frequency by SpotCCF.
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FiGure 5.9: GLS periodogram of the V1298 Tau RVs obtained with the SpotCCF and the TERRA
pipeline. The red dots highlight the maximum power and the dashed red line indicate the FAP at
1.0% (upper panels). The vertical dashed black line highlights the P,,; of the star. In the bottom
panels I showed the RVs (left) and the residuals (right) phase folded with the dominant period.

I performed an additional test by calculating the GLS periodograms for both
the original data and residuals obtained after recursive pre-whitening, as shown in
Figure 5.10, for both datasets. The periodogram of TERRA RVs (shown in the
upper panel) exhibits a complex structure centred around the stellar rotation fre-
quency, with signals related to stellar activity (at the rotational frequency or its
harmonics) prominently dominating the periodograms even after four iterations of
pre-whitening. However, the periodogram of the SpotCCF RVs does not display

harmonics of the rotation frequency, and the signal at the stellar rotational frequency
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disappears after the second pre-whitening step.
Previous analyses strongly support that the SpotCCF model efficiently removes

part of the contribution from the stellar activity related to the rotation.

SPOT MODEL TERRA
Period d Period d
1 2

S RV orig. = 115 m/s
nsrodobad

S RV res #1 = 101 m/s

T ] RMY RV orig. = 199 m/s

g RV res #1 = 180 my/s |

RMY RV res #3 = 92 m/s |

N .
] i o
2 — - 2
8 bt it o st AILJIAMMM L
0 0
& PSP T : RMSRY res #4 = 30.m/s_] ®

_ RUMSRVres#5=87m/s |

T e =1 gst ! : RMY RV res #6 = 85 m/s_| T e =1 got j : RMY RV res #6 = 127 my/s |

; 0.5 J‘ ; 0.5 J‘
§ 0.0 Aot g 0.0 ot
0.0 0.1 0.2 0.3 04 05 06 0.7 0.8 09 1.0 1.1 1.2 1.3 1.4 15 0.0 010203040506 070809101112131415
Frequency [d~1] Frequency [d~1]
(A) SpotCCF dataset (8) TERRA dataset

Ficure 5.10: GLS periodogram of the V1298 Tau RVs obtained with the SpotCCF and the TERRA
pipeline and their residuals after recursive pre-whitening. For each panel: the vertical and dashed
black lines indicate the stellar rotation frequency and its harmonics; the green lines mark the orbital
frequency of the planetary companions, and the horizontal red dashed line highlights the FAP at
1.0%. Each panel reports the RMS of the dataset. In the bottom panel I show the window function.

5.7 DETECTION SENSITIVITY BY DIRECT INJECTION OF THE PLAN-

ETARY SIGNAL INTO THE DATA

To obtain further validation of the SpotCCF method I tested the ability to recover a
planetary signal of a putative planet around V1298 Tau. To this purpose, I created
different datasets by injecting a planetary signal with an orbital period of 4.9 days
I and using different amplitudes (K = 37, 75, 100, 150 m s7!) in the RV dataset

IPlease note that the injected planet has a different period than the transiting planets, which
enables good control over the amplitude of the signal.
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obtained with SpotCCF and with the TERRA pipeline, respectively. Before pro-
ceeding, I tested the reliability of the method by injecting the signal on the CCFs
verifying that the two procedures give the same radial velocity. To simulate a plane-
tary signal, the CCFs were blue or redshifted with the desired amplitude, period and
phase. I then performed the fit for all the shifted CCFs and the results were perfectly
compatible with the fit obtained with the original CCFs. For this reason, and since
the fit of CCFs is computationally demanding, I chose to inject the planetary signal
directly into the original RVs time series.

The GLS periodogram was computed for each dataset. Figure 5.11 shows the
comparison between the periodograms of the RVs+planet (injected at different am-
plitude) obtained from the original SpotCCF RVs (left panel) and from the original
TERRA dataset (right panel). In both datasets (SpotCCF and TERRA) the GLS
periodogram finds a significant peak at the rotational period of the star. From the
second row of the figure it can be seen the periodogram for the RVs with the planet

injection at different amplitude.
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Ficure 5.11: Comparison between the GLS periodograms of the V1298 Tau RVs obtained with the
SpotCCF (left panels) and the TERRA pipeline (right panels) where I injected a planetary signal at
P,y = 4.9 d, with different amplitude (from top to bottom K=0, 37, 75, 100, 150 m s—1), For each
figure: the vertical and dashed black lines indicate the stellar rotation frequency and its harmonics;
the green line marks the orbital frequency of the injected planet’ the red dashed horizontal line
highlights the FAP at 1.0%. The upper panel shows the original dataset without planet injection .

The GLS periodogram finds a significant peak (FAP < 1.0%) at the orbital period
of the injected planet with K ~ 37 m s™! (corresponding to M sini ~ 0.35 M; ) for
the RVs obtained with SpotCCF. An analogous peak is significant for the TERRA
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RVs only for an injected planet with K ~ 75 m s™! (corresponding to M sini =~ 0.70
M;).

This test demonstrates that using this method, it is possible to reliably detect a
lower-massive planet, with an amplitude of the injected signal lower than what is
required for the signal to be identified in the TERRA dataset. This result is consis-
tent with the finding that the SpotCCF model reduces systematic effects caused by

stellar activity.

5.8  SPOT CHARACTERISATION

The fit of the CCFs profile with SpotCCF allows characterising the spots present on
the stellar surface, in particular the position and size of the spots, using the param-
eters latitude and longitude, and the area covered by the spots, using the projected
filling factor (ff,).

To analyse the spot properties I make the raw assumption that the spot system

consists of a bigger (Spot A) and a smaller (Spot B) spot evolving separately.
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Ficure 5.12: (Left panel) Distribution of the latitude values obtained for spots of V1298 Tau. (Right
panel) Latitude vs ff,. The blue points indicate the spot with the highest ff,, (Spot A), while the orange
points are the spots with the lowest ff, (Spot B).

In Figure 5.12 I show the distribution of the latitudes (left panel) and the relation
between the latitude of the spots and the projected filling factor obtained for V1298
Tau (right panel).

There is an indication of two main peaks, with larger spots (ff,, > 0.06) prefer-
entially in the range (~ 45-90) degrees, and smaller spots (ff,, < 0.02) in the range
(0-10) degrees. The linear limit that characterises the larger spots is attributable to

the upper limit of the spot radius boundary.
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Ficure 5.13: (Upper panel) V1298 Tau longitude time-series. The blue points indicate the spot
with the highest ff, (Spot A), while the orange points are the spots with the lowest ff, (Spot B).
(Lower panels) GLS periodogram performed for the longitude values obtained for Spot A and Spot
B, respectively. The red horizontal line indicates the false alarm probability (FAP) level at 0.1% and
10%, respectively. the black dashed lines highlight the rotational period of the star and its harmonic.

The upper panel of Figure 5.13 shows the longitude time-series for Spot A and

Spot B, in blue and orange respectively, and the lower panels show the GLS peri-

odograms performed for each spot, respectively. A significant peak at 2.91 days,
near the rotational period of the star is identified for Spot A with a FAP < 0.1%,
while a lower significant peak (FAP < 10%) at 2.77 days is identified for Spot B.
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Ficure 5.14: GLS periodogram of the projected filling factor of Spot A (upper panel) and Spot
B (lower panel). The red horizontal line indicates the false alarm probability (FAP) level at 1%
and 10%, respectively. The black dashed lines highlight the rotational period of the star and its

harmonic.

The GLS periodogram of the projected filling factor of the two spot distributions
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is shown in Figure 5.14. Even in this case a significant peak (FAP < 1%) is identified
for Spot A at 2.91 days, while Spot B shows a lower significant peak (FAP ~ 10%,
2.84 days).

The lower significance of the peaks observed for Spot B is not surprising, as
Spot A is larger and therefore contributes more significantly to the CCF profile,
making it easier to detect. However, since Spot B is smaller, when there are more
than two spots on the stellar surface, there can be multiple configurations for Spot
B. Furthermore, the definition of "large" and "small" spots are relative to number of
cases where "small" spots are really "large", but smaller than the other one.

However, I decided to make a further selection for the spots in order to test the
potential influence of differential rotational velocity. As such, I categorised the spots
into two groups: larger spots located between latitudes 60-90 degrees (referred as
Spot A at> 60°), and smaller spots located between latitudes 0-40 degrees (Spot B
at< 40°). This eliminates the "small" spots at high latitudes.

Figure 5.15 illustrates this new selection, depicting the distribution of latitude

as a function of the ff,.
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Ficure 5.15: (Left panel) Distribution of latitude values obtained for spots of V1298 Tau. (Right
panel) Latitude vs ff,. Blue points represent the spot with the highest ff, (Spot A), while orange
points indicate the spots with the lowest ff,, (Spot B). Purple points and distribution represent Spot B
with latitude values lower than 40 degrees, while green points and distribution indicate Spot A with
latitude values higher than 60 degrees.

The GLS periodogram was performed on the projected filling factor distribution
of the two spots (see Figure 5.16). The analysis revealed a significant peak (FAP
< 1%) for the Spot A and Spot B, at periods of 3.24 and 2.53 days, respectively.
These periods may provide a strong suggestion of a differential rotational velocity
of the star, with a higher velocity at lower latitudes and lower rotational velocity at
higher latitudes. Additionally, it can be observed that the peak at 3.24 days is one of
the peaks near the rotational period of the star in the TERRA periodogram, which
was removed by the SpotCCF method.
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Furthermore, I analysed the total area covered by the spots, ff, ,, which was

tot

obtained by adding the ff,, of each individual spot. The upper panel of Figure 5.17b

shows the ff, , times-series. In Figure 5.17a I reported the distribution obtained
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by Messina et al. (2001) for G8-K4 type stars. Here, the authors have depicted
the light curve maximum amplitude as a function of the rotational period of the
star, suggesting that it can be adopted as suitable indicator of a lower limit of the

star maximum spottedness. According to this figure, a star like V1298 Tau, with a
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rotational period of about 3 days, has approximately 15% of its surface covered by
spots. It is worth noting that the range of total projected filling factor obtained for
V1298 Tau is consistent with the value proposed by Messina et al. (2001).

The GLS periodogram of the ff, , time-series reveals a peak corresponding to
the second harmonic of the P,,, of the star (FAP < 10%).

Furthermore, as additional validation, I compare the spot configuration of ob-

servations obtained on the same nights.
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In Figure 5.18 I present the spot configurations obtained from pairs of observa-
tions taken at very few hours of separation. Specifically, I compare the spot config-
urations obtained from observations taken during the same night, but a few hours
apart. It is important to note that each observation was analysed independently, and
obtaining the same configuration of spots on the same night (with very few excep-
tions in 2023/01/16 and 2023/01/17) serves as a confirmation of the reliability of
the method.

Figure 5.19 also shows a comparison between the spot configuration obtained
with SpotCCF, applied to the HARPS-N data, and the maps obtained from an in-
dependent analysis conducted by Petralia et al. (2023, in preparation) of the data
obtained with the TESS, simultaneously with the HARPS-N observations. The au-
thors used a stellar activity model to fit the photometric light curve. assuming a
model with 4 spots on the entire stellar sphere, rotating on the stellar surface with
a period of P = 2.97 d (Sudrez Mascarefio et al., 2021), thus ignoring the effect due
to the differential rotation. In their model, the spots do not evolve over time in size
and do not migrate in latitude. They fit pieces of the observed light curves lasting at
most one period. In each interval, the spots, which are initially visible on the stellar
hemisphere at the initial time t(, rotate during the stellar period.

Their 4-spot model on the entire surface of the star is consistent with the model
presented here, which assumes two spots on the visible stellar hemisphere (in front
of the observer). Both HARPS-N and TESS observations suggest the presence of
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a large high-latitude dominant spot. It is not surprising; in fact, other studies have
already suggested and demonstrated that highly active stars can exhibit a strong
magnetic field in their polar caps, resulting in the formation of polar spots (e.g., Vogt
et al., 1999; Schrijver and Title, 2001; Isik et al., 2018). Additionally, it is important
to note that the TESS configurations at a given time are obtained by imposing a
temporal coherence with the same fitted period and no spot evolution, while the
HARPS-N configuration is derived from a snapshot spectroscopic observation at a

given time.
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Ficure 5.19: Comparison between spot configuration of V1298 Tau obtained from simulations
HARPS-N observation, with SpotCCF model (left panel) and TESS observation, by fitting the photo-
metric light curve (right panel, courtesy of Petralia).
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5.9 DiScUSSION AND FUTURE PERSPECTIVES

In this chapter, I described the SpotCCF, which is a stellar photosphere model fit I
developed for radial velocities extraction in young-active stars based on the cross-

correlation function technique. This model takes into account the deformations of
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the CCF due to the presence of multiple spots on the stellar disc, in presence of sig-
nificant rotation. To test the validity of my model, I analysed V1298 Tau HARPS-N
observations, which exhibit distorted CCF profiles due to the high activity level of
this target. The original CCF profiles produced by the DRS pipeline were corrected
for anomalous deformations present in the wings and in the core of the line, as well

as in the CCFj of the sky spectrum obtained using fiber B.

Then, I analysed over 300 HARPS-N observations of V1298 Tau using a Two-
spots model. From the parameters through the fit performed on the CCF profiles,
I extracted information about the spots, including latitude, longitude and the area
covered by each spot. To analyse the spot properties, I separated the high latitude
spots (Spot A, ff, > 0.04 and latitude > 60°) and the smaller low latitude spots (Spot
B, ff, < 0.04 and latitude < 50 °). Under this assumption, the GLS periodogram of
the filling factor of Spot A and Spot B showed significant peaks (FAP < 1%) at 3.24
and 2.53 days, respectively, suggesting a differential rotation velocity of the star,
with lower rotation at higher latitudes.

The average total area covered by the spots is consistent with the range proposed
by Messina et al. (2001). The GLS periodogram of the total projected filling factor,
ff,,,, showed a significant peak at the P,,,/2 with a FAP < 10%, indicating that the
features identified in the CCF profiles are actually effects of few inhomogeneities

(spots) on the stellar surface modulated by the rotation.

The consistency of the spot configuration obtained from different observations
taken during the same night, but a few hours apart, confirms the reliability of
the method. Moreover, similar spot configurations obtained from simultaneous
HARPS-N and TESS observations, modelled with independent methods, provide

strong evidence for the robustness of the method.

The SpotCCF model applied to the HARPS-N observations of V1298 Tau pro-
vided accurate RVs measurements. I compared these RV's with those obtained using
the TERRA pipeline to light the benefits of the proposed method. I observed that
the RVs obtained with my model showed lower dispersion, with a decrease ranging
from 40% to 60% in each season, compared to the TERRA dataset. Additionally, a
search for periodicities in the RV dataset revealed a significant peak at the rotational
period of the star, with reduced RV amplitude for the SpotCCF RVs (about 30%
lower than those obtained with TERRA) and reduced dispersion in the residuals.
These results suggest that the new method for RVs extraction effectively mitigates
the contribution of stellar activity modulated with stellar rotation. This thesis is fur-
ther supported by the GLS periodogram performed on the SpotCCF dataset and on

its residuals obtained after recursive pre-whitening, which show the removal of the
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peak at the harmonics of the rotation frequency, since after the first pre-whitening,
still present in the periodogram of the TERRA dataset.

I also tested the detection sensitivity of the method by directly injecting a hy-
pothetical planetary signal (P,,, = 4.9 days) into the data. The results obtained
from the GLS periodogram suggest that from the RV times series obtained with my
method, a planet with an amplitude of the injected signal lower (K ~ 37 m s~!) than
that necessary for the signal to be identified in the TERRA dataset (K > 75 m s7}),
can reliably detected.

All the results of this work confirm that the developed method can optimise the
radial velocity extraction in young/active stars, improving sensitivity and ability to
recover planetary signals and reducing the probability of identifying signals that are
actually due to stellar activity but can be mistaken as planetary signals.

I plan to apply the method proposed in this study to other targets that exhibit high
values of v sin i, in order to assess the applicability range of the model. Furthermore,
I could apply my SpotCCF model to individual spectral lines that are predominantly
affected by rotational broadening and distorted by the presence of spots, in order to

more accurately characterise the line profiles.



CHAPTER 6

Spectroscopic monitoring of AD

Leonis

Understanding stellar activity in M dwarfs is fundamental to improving our knowl-
edge of the physics of stellar atmospheres and for planet search programmes. High
levels of stellar activity (also frequently associated with flare events) can cause ad-
ditional variations in the stellar emission that contaminate the signal induced by a
planet and that needs to be corrected. The study of activity indicators in active stars
can improve our capability of modelling the signal generated by magnetic activity.

The content of this chapter has been published in the journal Astronomy & As-
trophysics, volume 642, as the article with the title "The GAPS programme at TNG.
XXVI. Magnetic activity in M stars: spectroscopic monitoring of AD Leonis" (Di
Maio et al., 2020).

6.1 INTRODUCTION

Magnetic activity in late-type main-sequence stars is observable evidence of the
stellar magnetic fields. The generation and intensification of surface magnetic fields
in solar stars are generally due to a complex dynamo mechanism, whose efficiency
is determined by the interaction between differential rotation and subphotospheric
convection into the stellar interior and in which meridional circulation plays an im-
portant role (Brun et al., 2015; Brun and Browning, 2017; Charbonneau, 2020).
Magnetic fields reach the stellar surface and manifest themselves in a variety of
phenomena that we call stellar activity: starspots, chromospheric plages, heating
of the chromosphere and corona, and impulsive flares. Starspots are a manifesta-
tion of magnetic field lines going through the stellar photosphere and obstructing
the convective welling up of hot plasma, producing these cool spots that are darker
than the surrounding photosphere. Chromospheric plage regions correspond to en-
hanced network magnetic field and facula regions in the photosphere, which might
surround sunspots, but are not necessarily associated with them. Heating of the

stellar chromosphere and corona generates chromospheric emission lines. Impul-
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sive flares are visible in all regions of the spectrum and are due to the reconnection
of magnetic field lines (Skumanich et al., 1975; Schrijver et al., 1989; Solanki et al.,
2006; Choudhuri, 2017; He et al., 2018).

M stars are small cool main-sequence stars with effective temperatures in the
range 2400 - 3800 K and radii between 0.10 and 0.63 R; they represent 75% of the
stars in the solar neighbourhood (Reid et al., 2002; Henry et al., 2006). They are
known to generate the strongest photospheric magnetic fields among main-sequence
stars (Saar and Linsky, 1985; Reiners et al., 2009; Shulyak et al., 2017), showing

magnetic activity as spots, flares, plages, and other brightness inhomogeneities.

In recent years the exoplanet community have started to monitor samples of M
dwarfs, aiming to search for habitable planets around these stars. From an obser-
vational point of view, there are more chances of finding an Earth-like planet in the
habitable zone as the host star’s mass decreases. Therefore, M dwarfs are extremely
interesting targets for planet discovery (Gomes da Silva et al., 2012). However,
magnetic activity increases with decreasing stellar mass (Hawley et al., 1996; West
et al., 2008; Newton et al., 2017).

Stellar activity has effects on the search of exoplanets: in some cases the radial
velocity periodicity, induced by stellar activity and rotation, may produce spurious
signals that mimic planetary signals. This was the case, for example, of AD Leonis,
for which Tuomi et al. (2018) proposed the existence of a planet, while Reiners
et al. (2013) and Bonfils et al. (2013) have interpreted the RV signal present in
the AD Leo spectra as being due to magnetic activity; this thesis has also been
recently confirmed by Carleo et al. (2020). They use a multi-wavelength approach
(visible and near-infrared) to show that the signal is of stellar origin. Therefore, a
detailed study of magnetic activity in active M stars could improve our capability of
modelling the signal generated by magnetic activity and increase our possibilities

of finding new exoplanet candidates.

In addition, stars with high levels of magnetic activity show flares more fre-
quently than inactive stars (Kowalski et al., 2009). The large amounts of energy
released by flares could potentially affect the structure and temperature regime of
exoplanetary atmospheres, thereby affecting the size of the habitable zone (Lammer
et al., 2007). It is therefore crucial to better understand and quantify the activity of

M dwarfs in terms of strength and variability.

Chromospheric activity is usually observed in the cores of the Canm H&K lines
and the H1 Balmer lines. Other common optical activity indicators include lines
such as the Na D, , doublet, the Mg1 b triplet, or the Can infrared triplet. Simul-

taneous analysis of the different indicators of magnetic activity could increase our
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knowledge of the chromospheric structure and the radial-velocity variations (e.g.,
Montes et al., 2000; Stelzer et al., 2013; Maldonado et al., 2017; Lanza et al., 2018;
Maldonado et al., 2019). The common approach is to study the relationship between
pairs of fluxes of different lines.

The aim of this work is to understand the behaviour of stellar chromospheres for
M stars with high levels of activity. To this end, I focus my study on one M dwarf,
AD Leonis, a very close active star, which was analysed through spectroscopic
monitoring in the optical band. I present an analysis of fluxes and profiles of the
main optical activity indicators such as chromospheric lines of H1, He1, Na1, and
Cam.

This chapter is organised as follows. I describe the target in Section 6.2 and
the observations in Section 6.4. I detail my procedure in Section 6.5. Section 6.6
presents the analysis of the different spectral lines sensitive to the activity. A flare

analysis is discussed in Section 6.7. Conclusions follow in Section 6.8.

6.2 AD LEgonis

AD Leonis (AD Leo, GJ 388, BD +20 2465) is classified as dM4.5e (Tuomi et al.,
2018) and is located in the immediate solar neighbourhood, at a distance of ~ 4.97
pc (Gaia Collaboration et al., 2018). Shkolnik et al. (2012) estimated a radial ve-
locity of 12.5 + 0.2 km s~!. Bonfils et al. (2013) estimated a mass of 0.42 M, and a
luminosity of 0.023 L. The star has a radius of 0.436 + 0.049 R, and effective tem-
perature of 3414 + 100 K (Houdebine et al., 2016). Neves et al. (2012) estimated
the metallicity of AD Leo to be [Fe/H] = 0.07, while Rojas-Ayala et al. (2012) gave
a value of 0.28 + 0.17.

Based on spectropolarimetry, Morin et al. (2008) reported a stellar rotation pe-
riod of 2.2399 + 0.0006 days; they also gave alternative solutions at periods of
2.2264 and 2.2537 days. The strongest evidence in favour of the short rotation pe-
riod of AD Leo comes from the Microvariability and Oscillations of Stars (MOST)
photometric observations. MOST observations were reported to contain strong evi-
dence for a periodicity of 2.23*33¢ days (Hunt-Walker et al., 2012) caused by ‘spots
distributed at different longitudes or, possibly, that the modulation is caused by vary-
ing surface coverage of a large polar spot or a spot that is viewed nearly pole on’.
This suggests a young age, estimated to be 25-300 Myr by Shkolnik et al. (2012).

Houdebine et al. (2016) reported a value for v sin i of AD Leo equal to 2.63
km s7! that produced a projected rotation period of 8.381:? days. Thus, since the

rotation period of the star is 2.23 days, the star is oriented nearly pole-on with an
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inclination of ~ 15 degrees, confirming the value reported by Morin et al. (2008)
and Reiners et al. (2012).

AD Leo has been observed to be variable on longer timescales as well. Buc-
cino et al. (2014) reported an approximately 7 yr activity cycle based on ASAS
optical photometry and CASLEO spectroscopy. Even though the period reported
in the ASAS photometry has a rather modest statistical significance with a false
alarm probability (FAP) of the order of 8%, together with the spectroscopic data it
indicates the presence of an approximately seven-year activity cycle in a convincing
manner.

AD Leo hosts a magnetic field with properties similar to those observed for fully
convective stars (Morin et al., 2008). A high-resolution infrared spectrum of AD
Leo, obtained with the Kitt Peak 4 m Fourier Transform Spectrometer, clearly shows
the presence of strong magnetic fields (Saar and Linsky, 1985). Lavail et al. (2018)
inspected circularly polarised spectra and estimate an average large-scale magnetic
field of ~ 300 — 330 G. Line broadenings in unpolarised spectra, also determined by
small-scale field structures, reveal instead a stronger overall magnetic field (3100
G, Shulyak et al. 2017).

Since AD Leo is a magnetically active star, its emission from the upper layers of
the atmosphere (chromosphere and corona) is intense. In particular, in the optical
band AD Leo is characterised by Ha, HB, and Can H&K lines in emission, with
variable line profiles (shape and intensity) that depend on the activity level at the
time of observation, and by the presence of phenomena directly related to the stellar
magnetic activity such as flares. It is well known for its frequent (Pettersen et al.,
1984; Henry et al., 2006) and strong flares (e.g., Hawley and Pettersen, 1991) that
have been observed and studied in the optical, extreme UV, and X-ray wavelength
ranges (e.g., Hawley et al., 1995; Mauas and Falchi, 1996; Favata et al., 2000; Haw-
ley et al., 2003; van den Besselaar et al., 2003). The most important properties of

this star are shown in Table 6.1.

6.3  ACTIVITY INDICATORS

High-resolution spectroscopy of activity diagnostics has been revealed to be a pow-
erful tool to improve our understanding of stellar chromospheres; optically thick
photospheric lines with broad absorption wings have core emission features that are
strictly linked to the chromosphere’s thermal structure. High-resolution spectra are
required to resolve these emission features and to characterise their complex pro-

files that often consist of emission peaks with a self-reversed dip at the line centre.
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TABLE 6.1: AD Leonis main parameters

AD Leonis
Spectral type (¢ M4.5¢
M, (M) ¥ ~0.42
R, (Rp) (¢ 0.436 + 0.049
log g ~4.38
d (pc) @ ~ 49660 + 0.0017
L,(Ly) ® ~0.023
Te (K) (¢ 3414 + 100
vsini (kms™) (© ~2.63
Pppot (d) ~2.23
[Fe/H] ¥ 0.28 +0.17
RV (kms™!) ® 125+0.2
B,o (G) (’f) ~ 300 - 330
Bunpol (G) @ ~ 3100

Notes. ¥ Tuomi et al. (2018) ® Bonfils et al. (2013) ) Houdebine et al. (2016) © Gaia
Collaboration et al. (2018) ) Morin et al. (2008) © Rojas-Ayala et al. (2012) > Shkolnik
et al. (2012) ™ Lavail et al. (2018) © Shulyak et al. (2017) .

In particular, I analysed the fluxes and profiles of the H1 Balmer series, He1, Na1,
and Can H&K.

Ha and Cau K are two of the strongest optical emission lines in active M dwarf
chromospheres. Across the M spectral class, there is a range of emission strength
in Can K, and a wide variety of both absorption and emission in He. The Ha core
appears to trace hotter regions of the chromosphere (> 7000 K), while Can K is
formed in the cooler regions between the temperature minimum and ~ 6000 K (Gi-
ampapa et al., 1982; Cram and Mullan, 1985; Walkowicz and Hawley, 2009). Thus,
Ha and Can K together offer complementary information on the chromospheric
structure.

The Can H (3968.47 A) and K (3933.66 A) lines are very useful diagnostics
of the solar chromosphere. The emission cores of the H&K lines are weak for very
quiet regions on the Sun, but can exceed the local continuum in brightness for active
stars, particularly for active M dwarfs that have a weak continuum. For FGK stars,
the H&K lines show emission cores inside very broad absorption wings because
Can is the primary ionisation stage in the photospheres and lower chromospheres
of these warm stars. For M stars, Ca1 is the dominant ionisation stage in the pho-
tosphere and lower chromosphere, and as a consequence, the H&K lines for these
stars do not have broad absorption wings (Linsky, 2017).

Observations of the solar surface indicate that the inhomogeneities on the sur-
face may be due to contributions from different regions and phenomena; Can K

core emission corresponds spatially to regions of concentrated magnetic field, such
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as active plage regions and bright network grains, while He chromospheric emis-
sion and absorption can be produced in filaments protruding from active regions,
in spots across the network of the quiet Sun, and in enhanced emission from bright
points during flares (Hasan and van Ballegooijen, 2008; Rutten, 2006, 2007). Con-
sequently, examining the relationship between the Can and Balmer lines can throw

light on the nature of magnetic structures.

Scandariato et al. (2017), extending a previous study by Martinez-Arndiz et al.
(2010), analysed the short-term chromospheric variability and the flux excess emit-
ted in the Cann H&K and He lines of a sample of 71 early-type M dwarfs with dif-
ferent levels of activity (inactive and moderately active stars). They show that the
Can H&K flux excesses are strongly linearly correlated. When comparing the Can
H&K with the Ha chromospheric line flux they found significantly more scatter,
mostly for the most active stars. The same sample of inactive and moderately active

stars was analysed by Maldonado et al. (2017), who focused on average trends.

The sodium resonance doublet is an important photospheric and chromospheric
diagnostic. The typical profile of Nar doublet shows extended wings and narrow
cores. Active dwarfs with He in emission have been shown to exhibit a distinc-
tive core emission of probable chromospheric origin (e.g., Giampapa et al., 1978;
Worden et al., 1981; Panagi et al., 1991). Pettersen (1989) was the first to detect
the important chromospheric contribution of the Nar1 D, lines in the core for ac-
tive M dwarfs. A complete study of the formation of the Na1 D, lines proposed
by Andretta et al. (1997) confirmed that these lines are promising diagnostics of
the lower-middle chromosphere. Houdebine et al. (2009) also shows that the main
chromospheric contribution of these indicators arises in a narrow line core, but they
also note some differences in the inner wings, suggesting that magnetic activity

could also affect the upper photosphere.

The He1 D5 (5875.62 A) is also an interesting diagnostic because it is formed
in the lower transition region and it is mostly detected in very active stars. All
these chromospheric lines are used in planet search programmes to identify stellar
activity, and they are all correlated to some extent with the RV jitter (e.g., Gomes
da Silva et al., 2012).

Here, I present a study of all these chromospheric lines and their variability due
to magnetic activity, focusing our attention on a specific M dwarf, well known for

its high level of magnetic activity.



6.4. OBSERVATIONS

6.4 (OBSERVATIONS

The high-resolution spectra of AD Leo analysed in this work were obtained with
two different instruments. I analysed 33 high-resolution spectra of AD Leo collected
with HARPS (Mayor et al., 2003), the fibre echelle spectrograph installed on the
3.6 m European Southern Observatory (ESO) telescope in the La Silla Observatory,
Chile, obtained from January to May 2006. In addition, I considered 63 HARPS-N
(Cosentino et al., 2012) spectra collected in the context of the Global Architecture
of Planetary System (GAPS) programme (Covino et al., 2013) . HARPS-N obser-
vations were performed in two different observing seasons: from April to June 2018
and from November 2018 to January 2019. All the data used in this work are listed
in Table D.1.

The two instruments have very similar performance with a resolving power of R
~ 120000 (HARPS) and R ~ 115000 (HARPS-N) and a spectral coverage of 378-
691 nm and 383-693 nm, respectively. The spectra are provided already reduced
using ESO/HARPS-N standard calibration pipelines.

6.5 ANALYSIS OF THE OBSERVATIONS

I identified a number of lines sensitive to activity, listed in Table 6.2. A strong
emission is detected, even during the quiescent state of the star, for the Ha, Hp,
Cam H&K lines; an intermediate emission above the continuum is observed for the
He lines (Her D;, He1 4026 A and He1 4471 A); and the Nar doublet (D, & D,)
shows emission in the core of the line profile.

These lines result from different excitation potentials, so their formation requires
different physical conditions that occur in different parts of the active atmosphere
of AD Leo. As a result, changes in equivalent width and/or in line profile of these
lines can be explained by a direct or indirect impact of the magnetic activity on the
whole stellar atmosphere and on its time variability.

As a measure of the chromospheric activity strength, I measured the excess
fluxes, as described in the next sections. To measure the emission caused by activity,
I chose wavelength integration ranges that are sufficiently broad for the broadest
emission even in case of a strong flaring event. These ranges were set after a visual

inspection of the spectra and are reported in Table 6.2 for each line I considered.

'AD Leo was originally part of the search of planets around young stars of the GAPS 2 pro-
gramme since a candidate planet around was proposed by Tuomi et al. (2018) and then discarded by
Carleo et al. (2020)
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In addition, other lines known as good indicators of chromospheric activity,
such as the Mg1 by, by, by lines and Fer at 5270 A, were analysed, showing the
same behaviour as the other lines studied in this work, even though their emission
above the continuum is less intense than for the other lines, and for this reason they

are not reported.

TABLE 6.2: Rest wavelength and integration ranges for the selected lines. Blue and red integration
ranges were chosen to fit the continuum.

Line A Blue integration w Red integration
(/OX) ranges (/OX) (A) ranges (A)

CanK 3933.66 393220 -3933.20  3933.20 - 3934.50  3934.50 - 3935.00
Can H 3968.47  3967.70 - 3968.00  3968.00 - 3969.10  3969.10 - 3969.30
He14026 4026.19  4025.40 - 4026.10  4026.10 - 4026.70  4026.70 - 4027.00
He14471  4471.48  4470.00 - 4471.40  4471.40 - 4471.85  4471.85 - 4473.00
Hp 4861.35  4858.70 - 4859.60  4859.60 - 4864.00  4864.00 - 4864.20
He15876  5875.62  5875.30-5875.42  5875.28 - 5876.80  5876.90 - 5877.00
Nai1D, 5889.95  5889.50-5889.80  5889.80-5890.70  5890.70 - 5891.00
Nai1D; 5895.92  5895.70 - 5895.80  5895.90 - 5896.50  5896.60 - 5896.70
Ha 6562.79  6553.00 - 6555.00  6555.00 - 6570.00  6570.00 - 6572.00

6.5.1 FLUX RESCALING

The HARPS and HARPS-N spectra are not calibrated in flux; therefore, they have
arbitrary units. The spectra provided by the Data Reduction Software (DRS) show
night-to-night variations in the continuum level at different wavelengths, due to at-
mospheric differential absorption and instrumental effects. To correct them, and to
scale the observed spectra to the same flux reference, in order to be able to com-
pare the intensity of the analysed lines, I compare them with synthetic spectra from
the BT-Settl spectral library provided by Allard et al. (2011)? with T.g, log(g), and
[Fe/H] corresponding to stellar parameters (see Table 6.1) in analogy to the proce-
dure adopted to compute the excess fluxes provided by Scandariato et al. (2017).
Both the observed and the model spectra were degraded to low resolution, convolv-
ing them with a Gaussian kernel with o0 = 80 A, in order to avoid discrepancies
between the observed and the model lines profiles. Finally, the observed-to-model
flux ratio was used to rescale the observed high-resolution spectra.

The flux calibration procedure may be less accurate in the case of strong emis-
sion lines, sensitive to the magnetic activity, because the model does not take into
account the chromospheric emission; therefore, to obtain a more precise calibration

in those areas, they are removed during this procedure.

21 adopt the CIFIST2011 models (https://phoenix.ens-1lyon.fr/Grids/BT-Settl/
CIFIST2011bc/SPECTRA/)


https://phoenix.ens-lyon.fr/Grids/BT-Settl/CIFIST2011bc/SPECTRA/
https://phoenix.ens-lyon.fr/Grids/BT-Settl/CIFIST2011bc/SPECTRA/

6.5. ANALYSIS OF THE OBSERVATIONS

I used the flux calibrated spectra to calculate the flux for each line according to
Equation (6.1) with the same integration ranges listed in Table 6.2. This equation
provides an estimate of the flux of the line above the continuum, assuming that the
continuum follows a linear trend (see Figure 6.1). This value gives a measure simi-
lar to the Equivalent width (EW), but less influenced by continuum flux estimation.
This is important for lines located in spectral regions where the continuum is very

low, and hence its relative uncertainty is very high. The flux line is computed as

= F.,+F.,
Fine = ) Fda - L2 Ly (6.1)
i=1

where dA is the width of the wavelength bin; F; is the observed flux in the bin i of
the line; n is the number of bins within the line region, defined as W/dA; F,;, and
F,, are the flux values measured at the extremes of the integration range on the blue
and red side of the line, respectively; and W is the wavelength range used for the

integration, corresponding to the full line width (see Table 6.2).
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FiGure 6.1: [llustration of the flux calculated for a hypothetical spectral line. The blue lines indicate
the flux values measured at the endpoints of the integration range on the blue and red sides of the
spectral line, respectively. The red area shows the region above the continuum, while the green area
represents the integrated flux of the spectral line.

Several tests were done to find the most accurate method for determining the

continuum flux F.. I chose to fit the continuum (in the blue and red integration
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ranges defined in Table 6.2) with a linear function. This method shows that the
continuum flux is, with good approximation, constant over the considered range in
most of the analysed spectra; however, some spectra show a slope and the linear
fit allows us to take it into account. The error of the continuum flux, JF.;, was
estimated by applying the standard error propagation theory on the uncertainties of
the fit parameters.

There are no obvious estimates for the statistical error of the observed flux,
oF;. The spectrum is affected by the presence of numerous minor lines that are
not variable in time, and that characterise every part of the spectrum. Since these
lines are too numerous to be isolated, and since they can affect the spectrum in the
continuum and in the profile of the line, I can assume that the JF; is the standard

deviation with respect to the continuum flux calculated in the N points outside the

2
SF; = \/Z(;—:f) (6.2)

The Fj;,. uncertainty was estimated using Equation 6.3, assuming d4 = 0.01 A:

2 w 2
SF e = \/Z (51:,. d/l) n (5Ff’b n 5F§,,)(3) FOF,, 6.3)

Here F,,,,. takes into account the possible effects due to the selection of the ranges

line (Equation 6.2):

used to estimate the continuum (6W). This value was calculated as the half differ-
ence between the maximum and minimum values of the continuum flux obtained

with three different ranges for the continuum measurements.

6.5.2 TIME SERIES AND LINE FLUX VARIABILITY

Figure 6.2 shows the temporal variations of the analysed activity indicators. In
particular, Figure 6.2 shows the variability of the integrated line flux of the analysed
lines with time. The left panel shows HARPS data obtained in 2006; the middle
and right panels show two different observing seasons of the HARPS-N dataset
performed in 2018.

Several conclusions can be drawn from this figure. First, I can confirm that the
flux on the stellar surface for the analysed lines is variable on both short (hours,
days) and long (months, years) timescales during the entire observed time. Second,
during the second season of 2018 (right panel) a flare is observed: two points, corre-

sponding to two observations obtained two hours apart, highlight this phenomenon
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and allow us to follow its evolution. A more detailed analysis of the flare is de-

scribed in Section 6.7. Three other possible flare events are detected during 2006

(left panel). Moreover, observing the time series of the analysed activity indicators,

I can assert that AD Leo was more active in 2018 than in 2006. Unexpectedly, de-

spite the lower activity level, the time series of Can H&K show a higher flux in

2006 (see the average of the logarithmic flux <F,> in Figure 6.2 and the histograms

in Figure 6.3).
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FiGure 6.2: Line flux vs time (MJDy is the start time of observations in 2006). Data obtained in
2006 are shown in the left panel. Data obtained in 2018 are shown in the middle and right panels.
<F,> is the average of the logarithmic flux of each activity indicator for each season (for the second
season of 2018 these values exclude the flare event points). Black arrows mark the points relative to
the flare event. The error bars are shown in the plots, but for most of the points are too small to be

visible.

6.6 FLUX-FLUX RELATIONSHIP

In the following, I analyse the relationships between the chromospheric fluxes of

different activity indicators. I inspect the presence of a correlation based on Spear-

man’s rank-order correlation coefficient (p). Figure 6.3 shows the correlations be-
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tween the fluxes obtained from observations in 2018 (dark blue points) and those in
2006 (red points), and the results of the statistical tests separated for the two seasons

are provided in Table 6.3.
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FiGcure 6.3: Correlation plot of flux (logarithmic scale) between different activity indicators. The
diagonal panels show the histogram of the flux of each indicator. It can be seen that most of the
indicators show a significant correlation in both datasets. Here, the Can values are derived from the
combined contributions of the Can H and K lines. Correlations with Cau are less significant and
more scattered. This figure also shows less activity of the star in 2006 (red points) than in 2018 (blue
points). However, the flux of Can is higher in 2006 than in 2018. This result can be interpreted as a
major surface coverage of plages and filaments during the observations in 2006.

It can be seen that most of the indicators show a significant correlation (P < 1%)
in both datasets. The Can K line has a peculiar behaviour, with a weak correlation
(1% < P < 3%) in the 2006 season and no correlation (P > 3%) in 2018 with the
other indicators. The correlation between most of the analysed lines implies that
they have a similar origin and are likely formed from the same material or from the
same region of the star’s atmosphere.

I evaluated the same correlations excluding the points relative to the flare to
verify their impact. I found that they do not influence the correlations among the

indices.
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TaBLE 6.3: Statistical analysis of chromospheric activity indicators fluxes. In the third and fourth
columns are reported the Spearman coefficient p and the value of the probability of a null hypothesis
for the dataset of 2006. In the last two columns I reported the same values for the dataset of 2018.
Weak correlations are reported in brackets, no correlations are shown in boldface.

X-index  Y-index £2006" Ppooe” 2018 Ppors
Ha HB 0.965  0.000006 %  0.941 0%
Ha CanH 0.518 0.34 % 0.490 0.01 %
Hoe CanK (0.438) (1.33 %) 0.233 6.4 %
He Can 0.494 0.5 % 0.409 0.12 %
Ha Her4026  0.816 0.0004 %  0.769 0%
Ha Her4471 0920  0.000018 %  0.831 0%
Ha Her5876  0.953  0.000006 %  0.802 0%
Ha Nart 0932  0.000012%  0.585  0.0003 %
HB CanH 0.532 0.26 % 0459  0.027 %
HB Can K (0.433) (1.43 %) 0.212 9.26 %
HB Can 0.489 0.6 % 0.390 0.2 %
HB He14026  0.821 0.0003%  0.831 0%
HB Her4471 0952  0.000006 % 0.886 0%
HB He15876  0.948  0.000006 %  0.901 0%
HB Nart 0.933  0.000012% 0.601  0.00018 %
CanH CanK 0.928  0.000018%  0.771 0%
CanH Her4026  0.597 0.07 % 0.338 0.73 %
CanH Her4471  0.543 021 % 0.379 0.26 %
Can H He15876  0.517 0.3 % 0.408 0.12 %
CanH Nart 0.517 0.43 % 0.520  0.004 %
Can K He14026  0.511 0.38 % 0.123 33 %
CanK Her4471  (0.422) (1.69 %) 0.187 14 %
CanK He15876  (0.409) 2.1 %) 0.191 13 %
Can K Nart (0.404) (2.2 %) 0.327 0.94 %
Can He14026 0.591 0.08 % 0.268 3.37 %
Can Her4471  0.494 0.52 % 0.336 0.76 %
Can He15876 0479 0.69 % 0.344 0.63 %
Can Nat 0.478 0.69 % 0479  0.014%
Her14026  Her4471 0.86 0.00009 %  0.844 0%
Her4026 Her5876  0.842  0.00019%  0.808 0%
He14026 Nai 0.777 0.0011% 0397 0.16 %
Her4471 Her5876 0943  0.000012%  0.919 0%
Her4471  Nar 0.887  0.00005% 0478  0.015%
He15876 Nar 0.947  0.000006% 0.536  0.002 %
Na1 DI Na1 D2 0.867  0.00001 %  0.893 0%

Notes. (¥ Rank correlation for two populations ”’ P-value denotes the two-sided signifi-
cance of its deviation from O by random chance, i.e. a small value indicates significant

correlation .
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Finally, I verified that the correlation among the activity indices for the whole
dataset is maintained when I join data obtained 12 years apart, with the only ex-
ception of the Canm H&K index, for which there is no correlation with the other
indices.

In addition, I estimated the Balmer decrements (Ha, HB), which are indicators
of the physical conditions of the emitting regions (e.g., Landman and Mongillo,
1979; Chester, 1991). Maldonado et al. (2017) showed the Balmer decrement as
a function of the effective temperature and overplotted the typical values of solar
plages. This result (~ 1.76) is compatible with values of solar plages, suggesting
that AD Leo is dominated by them.

The comparison between Ha (or HB) and Can (Can H&K) fluxes shows that
the correlation between these two indicators is less significant and more scattered
than the correlations between the other lines.

This result is consistent with the hypothesis that the phenomena that produce the
two lines are actually connected, but the materials that generate them are in different
regions of the atmosphere. Moreover, I also tested the correlations between the
indicators excluding the measurements taken during the flare. These further tests
return a value only slightly more significant than the previous one.

The result obtained from the test is consistent with those presented by Scan-
dariato et al. (2017), who show that Ho and Can H&K are correlated and that the
correlation is more scattered for the most active stars. Specifically, in Figure 6.4,
the blue bubbles represent an envelope of the results obtained by Scandariato et al.

(2017), while the orange points are the values obtained for AD Leo in this study.
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FiGure 6.4: Plot of Fyg vs Fyq. The blue bubbles map the region populated by the stars analysed
by ?, and the orange points are the flux values obtained for AD Leo in this study.



6.7. FLARE ANALYSIS

Furthermore, although all the other activity indicators are more intense in 2018,
the flux of Can H&K is higher in 2006 than in 2018. By considering the model of
Meunier and Delfosse (2009), which affirms that Cam core emission is connected
to the active plage regions and bright network grains, while the Ha line is pro-
duced from all the inhomogeneities present on the stellar surface, the result can be
interpreted with a major surface coverage of plages and filaments during the ob-
servations on 2006. Even though the Balmer decrement suggests that AD Leo is
dominated by plages, this ratio does not allow us to distinguish between the two

observing seasons.

6.7 FLARE ANALYSIS

Solar and stellar flares are observable evidence of magnetic energy released on short
timescales. The magnetic reconnection plays a key role in the reconfiguration of
the magnetic field lines and the conversion of magnetic energy into kinetic and
thermal energies of plasma (Forbes and Acton, 1996; Priest and Forbes, 2000). The
impulsive X-ray and UV emissions associated with stellar flares can affect the stellar
atmosphere.

The most extreme solar flare that hit Earth was recorded in 1859 (Carrington,
1859). It released a flare energy of 10°? erg. Stellar flares are expected to be gen-
erated by the same mechanism as solar flares with a wider range of energy radi-
ation and timescale (e.g., Benz and Giidel, 2010; Doyle et al., 2018). Over short
timescales of minutes to a few hours, they emit energy ranging from 10?* erg (called
nanoflares) (e.g., Parnell and Jupp, 2000) to 10* —10°® erg (called superflares) (e.g.,
Shibayama et al., 2013).

From the standard solar flare model, flares are formed by accelerated non-
thermal electrons that propagate downward and heat the chromosphere. As a con-
sequence, the heated chromospheric material moves upward (evaporation), filling
the coronal loop above. This material then cools down radiating away its excess
energy, and finally moves downward (condensation), going back to the lower layers
of the stellar atmosphere (Yokoyama and Shibata, 1998). Because of the high tem-
peratures and large motions of the flaring material, chromospheric emission lines
during flares appear much broader than in the quiescent state of the star.

In the right panels of Figure 6.2 I indicate with black arrows two consecutive
points obtained during the second observing season of 2018, where the flux of all
activity indicators is significantly higher than the quiescent state of the star. There-

fore, it is reasonable to assume the presence of a flare. Since the two spectra were
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obtained two hours apart, [ have the possibility to follow roughly the temporal evo-
lution of the flare. It can be supposed that the first observation during the flare is
relative to the maximum phase of the flare, while the second point, with a lower

value of flux than the first one, was obtained during the decaying phase of the flare.

The observed profiles of some selected spectral lines sensitive to stellar activity
are broadened during the flare. This can be due to the motion of material inside the

magnetic loop.

I considered a number of lines where the broadening is more evident (Ha, HpS,
He14471 A, He1 5876 A) and I fitted each profile with two Gaussian components
(see Crespo-Chacon et al., 2006; Fuhrmeister et al., 2018). The Balmer lines show
a self-reversal absorption in the core, but this behaviour was not taken into account
because it does not have a significant contribution to the following analysis of the
flare. The fit with two components results in a reasonably good description of the
line profile even in the most asymmetric cases. In general, the Balmer lines display
two distinct phases, called the impulsive and the gradual phases, with broader pro-
files during the impulsive phase and narrower profiles during the gradual phase. 1
do not consider the Canm H&K even if they are strong emission lines because they
are not significatively influenced by the flare and they do not show broadening. Be-
cause the flare event is supposed to be generated in different regions with respect to
the plages, the fact that Ca lines are not broadened is consistent with the hypoth-
esis that this indicator is influenced by the presence of plages and that AD Leo is
dominated by them. The results of the fit (the redshift and the sigma) for the narrow

and the broad components are provided in Table 6.4.

Figure 6.5 shows the fits that I made on spectra obtained during the flare. The
red dotted line corresponds to the spectrum obtained during the maximum phase
of the flare (ID 79), and the blue dotted line to the spectrum obtained during the
decaying phase (ID 80) of the flare. The orange and light blue Gaussians represent
the broader components for the observation ID 79 and ID 80, respectively, while the

purple (ID 79) and green (ID 80) are the narrow components obtained from the fit.

The spectra in Figure 6.5 show that the broadening of Balmer lines is larger than
that of the helium lines. The broad components of the Balmer and helium lines are
more redshifted than the narrow components. Doyle et al. (2018) observed a similar
effect during a flare on YZ CMi and suggest the presence of material inside the loop
corresponding to different flare kernels that brighten successively one after another.

Each downflow would produce a redshifted contribution to the Balmer lines.

Moreover, Figure 6.5 shows symmetric broadening during the decay phase (light

blue component), for Hae and HB, with o of the order of hundreds of km/s. This
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TaBLE 6.4: Fitted value of redshifts 5v and sigma o (6v) of the narrow and broad components for ID
79 and ID 80 spectra taken during the flare. The errors resulting from the fit are < 0.1%.

ID obs 79
Narrow Broad
Line ov a(6v) ov a(dv)
(kms™ (kms (kms") (kms™)
Ha 0.55 31.10 1.77 155.38
HB 1.50 26.51 4.31 129.03
He14471 0.68 7.93 15.77 16.73
He15876 2.06 8.21 10.13 15.49
ID obs 80
Narrow Broad
Line Sv o(6v) v (o)
(kms™) (kms™") (kms!) (kmsh)
Ha 0.68 28.82 29.52 170.99
Hp 1.48 22.34 34.95 86.30
Her14471 0.96 6.38 21.49 11.00
He15876 0.28 8.72 15.78 9.35

symmetric broadening can be interpreted with the presence of material inside the
magnetic loop that undergoes blueshift and redshift simultaneously. Since the ex-
posure time (900 seconds) of the observations acquired with HARPS-N is shorter
than the evolution time of the flare, it can be concluded that the possibility of mon-
itoring the same material before it rises uphill inside the loop and then descends is
excluded. This result can be explained instead as the presence of turbulent motion
that can be dominant with respect to the coherent motion of the material (uphill or
downhill) (see Montes and Ramsey, 1999; Fuhrmeister et al., 2005). Ha monitors
the lower regions of the magnetic loop; in this region, due to the high density of the
material, the turbulent motion can be dominant with respect to the coherent motion
of the material, which instead follows the magnetic field lines. Globally, the lines
are shifted due to the coherent motion, but the broadening due to the turbulence is

much larger and dominates the shape of the line.

On the contrary, Figure 6.5 (right panels) shows an asymmetrical broadening of

helium lines with velocity of the order of tens of km s

. This asymmetric broad-
ening might be present even in the Balmer lines, but it is clearly smaller than the
symmetric broadening shown in Ha and HB and for these reasons it cannot be de-
tected. It is possible to suppose that the helium lines monitor an upper region of the
loop higher than Ha. If in the lower chromospheric regions the kinetic energy den-

sity of the turbulent motion is probably comparable to the magnetic energy density,
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FIGURE 6.5: Spectrum ID 79 for the flare’s maximum phase (red dotted line) and spectrum ID 80 for
the decay phase (blue dotted line). Gaussian fit with broad and narrow components, respectively in
orange and purple for ID 79 and in green and light blue for ID 80. The black dashed line shows the
centre of each broad component.

in the upper regions the magnetic energy density dominates the kinetic energy den-
sity making the motion of the plasma less turbulent and inducing it to move along
the magnetic field lines. This effect leads to a decrease in the line broadening and
emphasises the radial velocity shift.

In addition, despite the low temporal resolution, I identified a delay of a flare
event for the Carr H&K and Her at 4026 A with respect to the Balmer lines. The
moment at which a line reaches its maximum is related to the temperature that
characterises the formation of the line, and therefore it is also related to the height at
which the line is formed. Therefore, it can be supposed that this delay, also observed
by Crespo-Chacén et al. (2006), confirms that these lines monitor different regions
of the stellar atmosphere with respect to the Balmer lines.

I also tried to estimate the luminosity and the energy released during the flare.
According to our data, the line luminosity, estimated by analysing the lines during

the flare, is significantly higher than the luminosity of the quiescent state of the
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star. The energy released (~ 10% erg to ~ 1.4 x 10°? erg for the Balmer lines) is
consistent with the presence of a particularly intense flare event, stronger than the
flares detected by Crespo-Chacén et al. (2006) who obtained an energy released
value of the order of 10% erg. In support of the results, I mention that Guenther
et al. (2019), observing AD Leo for 222 hours with the Echelle spectrograph of the
2 m telescope Alfred-Jensch-Teleskope in Tautenburg, detected 22 flares, the largest
of which emitted 2.9 10°! erg in Ha and 1.8 10°? erg in HB. Mubheki et al. (2020),
analysing more than 2000 spectra of AD Leo collected with the same telescope in
the context of the flare-search programme of the Thiiringer Landessternwarte, also
detected numerous flares; the largest one emitted 8.32 10°! erg in HB and 2.12 10*?
erg in Ha. Results from both studies are comparable to the energy released by our

flare.

6.7.1 DELAY OF FLARE

Figure 6.6 shows the time series of normalised fluxes with respect to the quiescent
state of the star. By inspecting the time series of most activity indicators it can be
seen the two points related to the flare where the flux decreases going from ID 79
to ID 80, two hours later, except for the He 14026 A and Cau lines.

In spite of the low temporal resolution, it can be seen that He 14026 A and Can
lines show a delay with respect to the other lines. Crespo-Chacon et al. (2006)
reported a delay (up to 5 = 3 minutes) for the Can and He1 4026 A lines in some
weak and short flares observed on AD Leonis. Our flare is much more intense and
it is possible that this effect is enhanced with respect to the case of weaker flares.
Houdebine (2003) studied the dynamics of flares on dMe stars and show that the
rise and decay times in the Can line are usually longer than the rise and decay times

in the Balmer lines.

6.7.2 LUMINOSITY AND RELEASED ENERGY

In order to estimate the flare energy released in the observed chromospheric lines,
I have converted the observed flux to luminosity. The luminosity values obtained
are provided in Table 6.5 as L, for the considered lines. I calculated the value of
luminosity for the quiescent state of the star, Lei, provided in Table 6.5, using the
quiescent flux obtained from the average of the points outside the flare (red dashed
lines in Figure 6.6). Despite the low temporal resolution I estimated the released
energy by approximating the temporal evolution of the flare with a vertical ascent

phase and a phase of linear decay.
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FiGure 6.7: Example of the triangle used to calculate the energy released during the flare in a given
line. The dashed light blue line, parallel to the ordinate axis and passing through the point of flare
maximum, represents the rising phase of the flare; the dashed blue line, passing through the two
points corresponding to the two observations performed two hours apart, approximately the decay
phase of the flare. The dashed red line shows the quiescent state of the star. MJDy = 53758.244,
time of the first observation obtained in 2006. The inset shows the zoom-in on the triangle.
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Considering the characteristic timescale of the flares (from a few minutes to
a few hours), it is unlikely that the flare ends in the next point, obtained with an
observation carried out 20 days after the start of the flare. Therefore, I have drawn
a straight line passing through the two points corresponding to the two observations
performed two hours apart (dashed blue line) to reconstruct the shape of the flare
(see Figure 6.7). The rising phase of the flare is approximated with one straight line
(dashed light blue line) parallel to the ordinate axis and passing through the point of
flare maximum. From the area of this triangle, I have obtained the value of energy
released during the flare provided in Table 6.5. This is likely a conservative estimate
since it cannot be determined whether the true flare maximum was observed.

For the lines where the flare shows a delay, it is not possible to calculate the
released energy using the previous technique mentioned as there is only one point

related to the flare.

TaBLE 6.5: Value of maximum flux corresponding to the flare, value of luminosity for the quiescent
state of the star and in correspondence of the maximum of the flare, and value of energy released
during the flare. The errors take into account the error on the stellar radius, which has the greatest
influence on the final values.

Line Foax Lguier Lax Energy
(10° erg sTtem™2)  (10% ergs™!) (10% ergs™) (10%0 erg)

CanK 7.155£0.016 47 +11 83+ 19 -
CanH 7.730 £ 0.007 53 +12 89 + 20 -
He14026 0.282+0.012 1.5+0.3 3+£0.7 -
He14471  0.58 + 0.06 1.3£03 6717 37+12
Hp 289+04 71+16  334+75 13740
He15876  2.01 £0.03 6.6 £1.5 23 +5 9+3
Na1D2 0.730 £ 0.007 2.6+06 84+19 11+4
Na1 D1 0.56 + 0.02 1.7£04 64=+15 T+2
Ha 2386 £0.13 127 +28 276 +62 136+ 62

It can be seen that the luminosity of the maximum of the flare is greater than
the luminosity of the quiescent state of the star by a factor of between ~ 2 and ~ 5.
These results suggest that the ratio L. /Lquie 18 higher for the lines that are thought

to originate in the upper layers of the stellar atmosphere, like the helium lines.

6.8 SUMMARY AND CONCLUSIONS

In this study, I analysed the spectra of AD Leo using two datasets HARPS and
HARPS-N spectra, obtained 12 years apart. I measured the line profiles and the

intensities of the sensitive activity indicators, such as Ha, HB, Can H&K, Her at
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4026 A, 4471 A, and 5876 A, and Na1 doublet. 1 derived the fluxes of these lines

and evaluated the correlations between them.

By analysing the time variability of the fluxes I found a higher level of activity
during 2018 than in 2006, except for the Can H&K indicator that shows a higher
flux in 2006. As suggested by Hasan and van Ballegooijen (2008) and Rutten (2006,
2007), the Ca1 core emission originates from regions of the concentrated magnetic
field, such as active plages and bright grain networks. According to this, the long-
term variability of Can suggests that the star had a larger coverage of plages dur-
ing the observations of 2006 than in 2018. Furthermore, the Balmer decrements
(Ha/HpP), calculated for the three observing seasons, are compatible with the typi-
cal values of solar plages showed by Maldonado et al. (2017), confirming that the

stellar surface is probably covered by a distribution of plages.

I searched for the correlation among the activity indicators measured in this
work. All lines show a good correlation with each other, except for the Ca, par-
ticularly the K line, indicating that the processes and regions of the formation of
this line differ from other lines. Many studies (e.g., Walkowicz and Hawley, 2009;
Cincunegui et al., 2007) suggest that there is a correlation between Ha and Can K
flux obtained for a sample of different stars of different spectral types. However,
Cincunegui et al. (2007) have declared that ‘when we investigate this relation for
individual observations of a particular star, the general trend is lost and each star
shows a particular behaviour, ranging from tight correlations with different slopes,
to anti-correlations, including cases where no correlations are found’. Walkowicz
and Hawley (2009) compared the equivalent width of Ha to the Can K surface flux
measured from a sample of M stars. They found a positive correlation between the
measurements of these indicators when comparing different stars, with a wide range
of scatter for the more active stars. Furthermore, they obtained multiple measure-
ments of EW of Balmer lines and Can K in AD Leo and showed that for individual
active stars these two lines are not necessarily correlated in time-resolved observa-
tions. The flux values obtained here for Can H&K and Ha follow the extrapolation
of the trend shown in Figure 10 of Maldonado et al. (2017), confirming that the
same trend continues at a high activity level.

I also detected the presence of a flare during the second season of HARPS-N
data. Crespo-Chacoén et al. (2006) monitored AD Leo for four nights in 2001 and
observed a large number of short and weak flares occurring very frequently. I mea-

sured the EWs? of the analysed lines to compare our results to the published ones.

3The EWs were measured with a procedure similar to that of fluxes (see Sect. 6.5.1), except for
the normalisation, and the results are provided in Appendix D.
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The range of EW values that I obtained during the entire observed time identified
as the ‘quiescent’ state of the star is consistent with the variability of Balmer lines
EWs obtained by Crespo-Chacén et al. (2006). Moreover, the surface fluxes of the
Balmer lines at flare maximum (F,,,,) obtained by Crespo-Chacén et al. (2006) are
an order of magnitude lower than our results (see Table 6.5). This implies, also due
to our low temporal resolution, that it is not possible to resolve less intense flares
and that what is commonly referred quiescent state is indeed the superposition of
several weak flares. The flare that I observed is a stronger and more uncommon
event. In this work, I presented a detailed analysis of the profile of selected emission
lines to study dynamic processes occurring during this phenomenon. In particular,
I analysed the profiles of Ha, HB, and Her at 4471 A and 5876 A from two spec-
tra collected during the flare and obtained two hours apart, showing a significant
broadening, while no evidence of broadening is present in the Cam lines. I fitted
the profiles combining a broad and a narrow Gaussian component, finding that the
broader one is redshifted with a velocity of the order of tens of km s~!. This redshift
can be interpreted as the presence of material going downhill inside the magnetic
loop, according to the solar flare model. Globally, the shape of these lines, es-
pecially for the Balmer lines, is symmetrically broadened with o of the order of

hundreds of km s,

Since Ha monitors the lower regions of the magnetic loop,
it can be supposed that in this region, because of the high density of the material,
the turbulent motion can be dominant over the coherent motion of the material that
follows the magnetic field lines. Consequently, it is reasonable to assume that the
Balmer lines are also redshifted due to the coherent motion of the material, but that
this redshift is hidden by the broadening due to the turbulence that is much larger

and dominates the shape of the lines.
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CHAPTER 7

Summary and conclusions

The main focus of this PhD thesis is the significance of estimating precise and

accurate planetary mass and its effects on exoplanetary science.

The planetary mass of an exoplanet is a crucial factor that determines various
properties such as internal structure, formation, evolution, and atmospheric charac-
teristics. In the first part of the thesis, I analysed the impact of precision and accu-
racy in mass measurement on atmospheric retrievals. This study is a step forward
towards the preparation of the ESA M4 Ariel mission, which will be the first ded-
icated mission to study the atmospheres of a large population of exoplanets. The
mission aims to characterise the thermal structures, chemical composition, cloud
properties and dynamic processes of about 1000 exoplanets, ranging from Jupiters
and Neptunes down to super-Earth size, orbiting different types of stars.

After an introduction to problems, techniques and tools used for the study of
exoplanets, in Chapter 3, I conducted an analysis of the impact of the planetary
mass uncertainties on the atmospheric retrievals. Specifically, I identified scenarios
where precise mass measurements are necessary, considering both clear or cloudy
atmospheres, as well as primary or secondary atmospheres. This analysis was based
on three representative targets from the Ariel MRS, including a hot Jupiter and a
hot Neptunian as cases of primordial atmospheres, and a super-Earth as an example
of a secondary atmosphere. The outcomes of this study suggest that a minimum
knowledge of the planetary mass of about 50% is necessary in order to obtain an

accurate atmospheric characterisation.

In Chapter 4, I expanded the previous analyses by studying a sub-sample of 17
targets from the Ariel MRS. I considered various scenarios to explore a number of
different situations that occur in Ariel observations, with the goal of establishing the
best approach for obtaining useful Ariel observations. The main focus of this anal-
ysis was on the role of mass estimation precision and accuracy, and signal-to-noise
ratio (SNR) in obtaining accurate results. Additionally, I investigated the impact of
incorrect mass estimation. The results confirmed that a minimum mass uncertainty
better than 50% is not particularly useful for accurately retrieving the atmospheric

composition, which is more accurate in cases of primary atmospheres, even in the
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presence of high altitude clouds, than in cases of secondary atmospheres. For each
retrieved quantity, I estimated both accuracy and precision. Generally, moderately
accurate retrievals can be achieved in the presence of clouds, with CH4 mixing ratio
being accurately retrieved in most cases. However, determining spectral features
of H,O and CO in primordial cases, especially in extreme scenarios, is more chal-
lenging. For these reasons, I successfully tested our capability to retrieve the cloudy
configuration or the presence of a secondary atmosphere during Tier-1. On the other
hand, the analysis described in this chapter highlights the crucial importance of en-
suring adequate SNR, and how this is connected with the estimation of the mass,
as the capability to detect the planetary atmosphere depends on the true mass value,

which determines the scale height of the atmosphere and, subsequently, the SNR.

The analysis presented in the first two chapters can be extended to include all
the MRS of Ariel, exploring different other scenarios. It would also be interesting
to compare the results obtained from simulated spectra as observed by Ariel with
high-resolution spectra from space-based telescopes, such as JWST spectra. With
the different instrumental configurations available with JWST, I will be able to test
the impact of the planetary mass uncertainty on atmospheric retrieval considering
different resolutions and different spectral coverages. By comparing the results with
those obtained from the Ariel simulated spectra, I will be able to understand how

different wavelength bands and different spectral resolutions may impact the results.

Having the ability to obtain independent observations with different spectral
coverages and resolutions will allow me to determine the most efficient instrumen-
tal configuration for retrieving atmospheric parameters that are less dependent on
mass uncertainty and accuracy. This study will complement those performed on
simulated spectra of Ariel and will serve as preparation for future synergies that
these two instruments may have in the study of exoplanetary atmospheres. This
analysis was the base for the preparation of an observing proposal for the JWST
Cycle 2, in which I aim to obtain a near-infrared transmission spectrum of TOI-
942b, a hot Neptune-size exoplanet and probing the presence of the atmosphere by
performing the atmospheric retrieval. This target is an example of a young planet
that has the potential to deliver key insights on the formation and evolution of a
close-in planet: due to the uncertainty on the stellar age and the mass upper limits,

different evolution pathways could be possible.

Given the importance of mass estimation, the second part of this PhD thesis
focuses on the challenges associated with the detection and mass characterization

of exoplanets, particularly those caused by stellar activity.

In Chapter 5, I described the SpotCCF, a photospheric stellar model that I de-



veloped to optimise the extraction of radial velocities in the presence of active fast
rotating stars. This model is based on the cross-correlation function (CCF) tech-
nique and takes into account the contribution of stellar activity by considering the
presence of multiple spots on the stellar surface. The method described in this chap-

ter was applied to extract the radial velocities of the active young star V1298 Tau.

The results obtained from this work confirm that the developed method can
optimise radial velocity extraction. The radial velocities (RVs) obtained with the
SpotCCF showed lower dispersion, ranging from 40% to 60% reduction in each
observational season, compared to the TERRA dataset (that already improve sig-
nificantly the standard DRS method). A search for periodicity in the RV dataset
revealed a prominent peak at the rotational period of the star, with RV amplitude
for the SpotCCF RVs about 30% lower than those obtained with TERRA, and re-
duced dispersion in the residuals. These results confirm that the new method for
RV extraction effectively mitigates the contribution of stellar activity modulated
with stellar rotation, as supported by the periodogram performed on residuals after
recursive pre-whitening. This method improves sensitivity and ability to recover
planetary signals and reduces the probability of identifying signals that are actually

due to stellar activity but can be mistaken as planetary signals.

The SpotCCF allows for the modelling of spots on the stellar surface and pro-
vides information about the position of the spots (latitude and longitude) as well as
the total surface coverage by them. The robustness of the model is ensured by con-
sistent spot configurations obtained from an independent analysis of pairs of obser-
vations taken during the same night, and by comparison of the spot configurations
obtained from an independent model analysis of simultaneous TESS observations.
Additionally, the analysis of the properties of the spots provides evidence to support

the hypothesis of a differential rotational velocity of the star.

Given the potential of this developed method, I plan to apply it to numerous
other targets with varying levels of activity and exhibiting high values of v sin i,
in order to assess the applicability range of the model. I may also apply the model
to individual spectral lines that are predominantly affected by rotational broaden-
ing and distorted by the presence of spots, to more accurately characterise the line

profiles.

In Chapter 6, I focused my study on understanding stellar activity in M dwarfs,
which is crucial for improving our understanding of the physics of stellar atmo-
spheres and for planet search programs. High levels of stellar activity, often as-
sociated with flare events, can cause additional variations in stellar emissions that

contaminate the signals induced by planets and need to be corrected. In this context,
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studying activity indicators in active stars can enhance our capability to model the
signals generated by magnetic activity.

Specifically, I analysed HARPS and HARPS-N observations of AD Leonis,
measuring the line profiles and intensities of sensitive activity indicators such as
the Balmer lines, Canm H&K, helium lines, and the sodium doublet. I derived the
fluxes of these lines and evaluated the correlations between them. One of the main
outcomes of this analysis was regarding the surface coverage of the stellar surface.
As suggested by the Balmer decrement, AD Leo appears to be dominated by plages
and filaments. The behaviour of Cam also provides evidence to support the hypoth-
esis of higher plages coverage in 2006 compared to 2018. Additionally, through
a detailed analysis of selected line profiles, I investigated flares and evaluated the
mass motion during the events.

Globally, this PhD thesis highlights the importance of planetary mass character-
isation and the complexity of their determination due to the effects of stellar vari-
ability. In the context of the Ariel mission, it highlights the importance of a detailed
and individual analysis of each target of the mission reference sample, to be able
to accurately select the Tier-2 targets and characterise their planetary atmosphere.
It also shows how this work cannot be disentangled from a detailed study of the
stellar variability that is crucial in the determination of the planetary mass, both in

its accuracy and precision.
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APPENDIX A

Additional material for Chapter 3

The corner plot reported below show the results obtained from retrieval performed
on clear sky primordial atmosphere (1 = 2.3), where TauREX is able to fit the N,/He,
and on clear sky secondary N,-dominated secondary atmosphere cases considered
in this work (u = 5.2, 7.6, 11.1) when the mass in known with an uncertainty of
50%.

A.1 N,-DOMINATED CLEAR SKY SECONDARY ATMOSPHERE 0M=50%
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FiGure A.1: Retrieval results obtained for clear sky atmosphere in the case of u=2.3 and 6M = 50%.
The blue, green and red vertical solid lines highlight the true, MAP and median values, respectively,
while the vertical dashed-lines represent the values at 10 from the median.
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M, = 0.039+3993

T = 669.231+168,030
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FiGure A.2: Retrieval results obtained for N,-dominated clear sky secondary atmosphere in the
case of u=5.2 and 6M = 50%. The blue, green and red vertical solid lines highlight the true, MAP
and median values, respectively, while the vertical dashed-lines represent the values at 10 from the
median.
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log(H,0) log(CHg) log(Ny/He) u (derived)

Ficure A.3: Retrieval results obtained for N,-dominated clear sky secondary atmosphere in the
case of u=7.6 and 6M = 50%. The blue, green and red vertical solid lines highlight the true, MAP
and median values, respectively, while the vertical dashed-lines represent the values at 10 from the
median.
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M, = 0.031:3318

Rp = 0.189*3021
;

39.177

T = 971.918+433177

log(H,0) = —7.579%

oo
oy
83
28

log(H,0)

10g(CH,) = —3.360+3751

log(CH4)

log(N,/He) = 0.951+335]

log(N/He)

1 (derived) = 16.1255933

U (derived)

log(H,0) log(CHg4) log(N,/He) u (derived)

Ficure A.4: Retrieval results obtained for N,-dominated clear sky secondary atmosphere in the
case of u=11.1 and SM = 50%. The blue, green and red vertical solid lines highlight the true, MAP
and median values, respectively, while the vertical dashed-lines represent the values at 10 from the
median.



A.2. H,O- anD CO-DOMINATED ATMOSPHERES FOR i = 11.1 (SEcT. 3.2.5)
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A.3 TABLES WITH THE RESULTS OF THE ANALYSIS OF SECT.
3.2.2

Tables below summarised the results obtained from the retrieval performed for a
hot-Jupiter and hot neptune around a 8th-magnitude G star. In table A.3 we compare
the results obtained from retrievals performed for different magnitude of star. Green
boxes highlight the retrieved values within 1o-; values out of 1o distribution but
within 20 are highlighted in red boxes.

TABLE A.1: Results from the retrieval performed for a hot-Jupiter around a G star when we the mass
is totally unknown and when we known it with an uncertainty of about 40% and 10%.

G star with a Hot-Jupiter

Mass totally unknown oM =~40% oM =~10%
Clear Sky Clouds Clear Sky Clouds Clear Sky Clouds
Parameters Low High | Low High | Low High
Mass <5% <10% >50% <2 % <10% <30% <2% <10% =~10%
Radius M v v Vo~ v A
Temperature v v v v v v v v v
H>0 v VoW v VA v Voo
CHy v Voo v VY v Vo
co v Voo v Voo v Voo
Clouds v v - v VoW v VoW

TABLE A.2: Results from the retrieval performed for a neptunian planet around a G star when we
know the mass with an uncertainty of about 40% and 10%.

G star with a Neptunian planet

oM ~40% oM =~10%
Clear Sky Clouds Clear Sky Clouds
Parameters Low  High | Low  High
Mass <2 % <20% <30% < 2% <10% =~=10%
Radius v v v v v v
Temperature ) v ~ v v ~
H.0 N A e
Ci, A I A A
co v v v v
Clouds v v v v v v
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TaBLE A.3: Results from the retrieval performed for a hot-Jupiter around a 8th-magnitude G star
and a 10.5th-magnitude G star.

Hot-Jupiter around different magnitude G star (mass uncertainty 40%)

m, ~8 m, ~ 10.5
Clear Sky Clouds Clear Sky Clouds
Parameters Low  High | Low  High
Mass <2 % <10% < 30% < 10% ~20% =30%
Radius
Temperature
H,O
CHy4
CcoO
Clouds
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A.4 TABLES WITH THE RESULTS OF THE ANALYSIS OF SECT.

3.2.4

TaBLE A.4: Retrieved values from the analyses performed on a clear sky N,-dominated secondary
atmosphere of a super-Earth around an 8th magnitude M star in the different scenarios considered

in this study.

N;-dominated secondary atmosphere of a super-Earth around an 8th magnitude M star

Parameter True value ‘ u=23
M | 10% 30% 50% Unknown
Mass 0.026 0.026 f§§§i [0.026] 0.026 f§§§§ [0.026] 0.026 j§§§§ [0.025] 0.026 f§§§? [0.027]
Radius 0.189 0.189 T [0.189] 0189 Zop; [0.189]  0.189 Ty, [0.189]  0.189 T 0, [0.189]
Temperature 720.33 725 fg [722] 728 710 [734] 728 *35 [726] 730 i3 [732]
log(H,0) -4 -4 jg;% [-4] -4.1 jg;;77 [-4.0] -4.1 702 [-4.0] -4.0 j§;~% [-4.1]
log(CHy) -3.22 32105 [-3.3] -3.24 *047 [-3.29] -3.24 08 [-3.21] 32105 [-3.2]
log(Na/He) -10 -7 73 [-8] 75 [-12] 7512 -7 73 [-4]
7 23 228570407 122611 2.285 *0.907 [2.261] 2285 ¥0007[2.324]  2.285 *0006 [2.261]
u=52
Mass 0.026 0.026 j§§§% [0.026] 0.028 j§§§% [0.028] 0.039 j§§g; [0.029] 0.071 f§;§(‘5§ [0.057]
Radius 0.189 0.189 Tg o [0.189]  0.189 jo;%m [0.189]  0.189 *(001 [0.189]  0.190 joz(%o} [0.189]
Temperature 720.33 773 jéﬁ [731] 750 j(izg [739] 669 165 [713] 791 *126[709]
log(H,0) -4 4.7 707 [-4.1] -4.5 jg% [-4.1] -4.4 t%% [-4.3] 5L -4
log(CHy) 322 3.1 jg»j [-3.3] 32 ig' 2 [-3.3] 33 t8:4 [-3.4] 33 %04 1-3.3]
log(N»/He) 0 0.12 fg%§ [-0.001]  0.018 *9%! [-0.035] 0.7 jgj [-0.1] -7 f% (-7]
u 5.2 6*515.2] 543 15] 2.9 %5 5] 2.285 *0422 12.261]
| u=16
Mass 0.026 0.026 j§§§% [0.024]  0.027 f§;§§; [0.030]  0.029 *3012[-0.036]  0.086 j§§§% [0.087]
Radius 0.189 0.189 fo‘%l [0.189]  0.189 fo‘goi [0.189] 0189 0% [0.189]  0.189 jd%%l [0.189]
Temperature ~ 720.33 854 *277745] 855 221 [668] 832 +2061762] 701 +105(738]
log(H,0) -4 74 1-4] 67 [-4] 675 [-4] -6 [-4]
log(CHy) -3.22 3.1 %08 -3.0] 32406 1-3.0] 32 jg:(; [-3.2] 34106 1-35]
log(Na/He) 0.3 0.5 %53 [0.5] 0.5 *3[0.2] 0.4 *0>1-0.1] 7 [-11]
H 7.6 1073 [9] 10 *5 [6] 9+ 16l 2.284 0050 12.261]
\ p=111
Mass 0.026 0.025 j§§§% [0.025]  0.026 j§§§% [0.024]  0.031 j§;§é§ [0.025]  0.081 jggé% [0.094]
Radius 0.189 0.189 jo«%%l [0.189]  0.189 §0~0%] [0.189]  0.189 jo%l [0.189]  0.189 fog%] [0.189]
Temperature ~ 720.33 998 337 [706] 979 30 [741] 972 33, 1689] 593 250 [576]
log(H,0) -4 7514 175 (4] 875 [-4] 61y [-4]
log(CHy) 322 -33+08-3.5] 32407 1-2.8] -34+08 3.1 3.6 %08 [-3.3]
log(N/He) 0.6 L1*33105] 127957071 1035 10.7] 53 [-3]
j 1.1 19 #3110 1975713) 16 17 [12] 230 ¥505 [2.27]

Notes. I report the median values with its 10 error and the MAP values in square brackets.
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TABLE A.5: Retrieved values obtained from the analyses performed on a clear sky N-dominated
secondary atmosphere of a super-Earth around a 10.5th magnitude M star in the different scenarios

considered here.

N;-dominated secondary atmosphere of a super-Earth around a 10.5th magnitude M star

Parameter True value ‘ u=23
M \ 10% 30% 50%
Mass 0.026 0.02679992 10,0251  0.028*9093 [0.027]  0.030+099% [0.026]
Radius 0.189 0.190f§f§§§ [0.188] o.190t§i%§2 [0.190] o.190j§i§%§ [0.189]
Temperature 72033 740232 722] 77223 > [737] 803%}10g [693]
log(H,0) -4 5024391 5.07551-4.3] 5755371
1051(%14) 636272 -3.2579%5[[6-]3.3] _3'26935[[1_81'43] _3'26955[55_]32]
2/He - -3 -3 _
log(N,/He) -10 -7j§2 [-9] TH-11T) -7jf:‘ [-5]
u 23 2.38+045 [2.29] 2347030 [2.18] 2357041 [2.22]
‘ n=52
Mass 0.026 0'026f§3§§§ [0.027] o.ozstg;ggg [0.035] 0.0SﬁjS-%i‘f [0.05]
Radius 0.189 0.18970%2 [0.189]  0.190*0%02 [0.189]  0.190*9%020.190]
Temperature  720.33 564f1’%2 [680] 5971?%3 [610] 5941}‘;% [678]
log(H0) -4 -731-4] -7H1-4] 73141
log(CHy) 322 -3.8%03 [-3.6] -3.8%’:3 [-3.6] 3713037 1-3.4]
Hy/He 6.67 536 55 114] 51
log(N/He) 0 373 -0.1] 312 [-5.8] 570 [-8]
u 5.2 2878 1471 27708 12.8] 2.5753 3.0
‘ n=16
Mass 0.026 0.02779902 10,0241 0.029*0006 [0.034]  0.033+9010 [0.046]
Radius 0.189 0.190ﬁ§3§(8§ [0.189] 0.19Of§3%§§ [0.189] o.190j§3§£§ [0.189]
Tel:mperagl)re 720433 639f;i%5 [6910] sgoj%; [5733] 624%2933 505]
og(Hy - 7161 74 [-5] -873[-4]
log(CHy) 322 41712 [-32] 42712 -4.1] 42712 [-34]
H,/He 6.67 6*3 [4] 55141 5H12.5)
log(N;/He) 0.3 0.2*}110.5] 03714 1-0.2] 0341511
13° 15 16
" 7.6 83 [11.5] 5t 151 4*16 2.6
| p=111
Mass 0.026 0.0267000270.029]  0.028*0007 [0.015]  0.032*0-000 [0.029]
Radius 0.189 0. 190j§f8§; [0.189] 0. 190f§f§82 [0.189] owotﬁf%ﬁ; [0.190]
Temperature 72033 4717128 1612] 654“:%‘1‘2 [852] 5o7j%sg [867]
log(H,0) -4 TH1-5] -7%)[-4.4] -TH[-4.3]
log(CHy4) 322 52 [-3.5] 512 [-2.7] -4.9t171.3.6]
H,/He 6.67 553171 573 [9] 573 [54]
log(N;/He) 0.6 0.3+ [0.4] 05719 [-1.8] -0.10*13 10.7]
u 11.1 10+5* [8.4] 11402 [24] 6716 113.9]

Notes. I report the median values with its 1o error and the MAP values in square brackets.

218



A.4. TABLES WITH THE RESULTS OF THE ANALYSIS OF SECT. 3.2.4

TABLE A.6: Retrieved values obtained from the analyses performed on a N>-dominated cloudy sec-
ondary atmosphere (Pouqs = 107! bar) of a super-Earth around an 8th magnitude M star in the
different scenarios considered here.

N,-dominated cloudy secondary atmosphere of a super-Earth around an 8th magnitude M star (Pgougs = 10" bar)

Parameter True value | u=23
M | 10% 30% 50% Unknown
Mass 0.026 0.026 *0:992[0.025]  0.026 3002 [0.026]  0.026 *0902 [0.026]  0.026 *0-92 [0.026]
Radius 0.189 0.189 j§§g§ [0.189]  0.189 1§§§§ [0.187]  0.189 f§§§% [0.188]  0.189 jﬁ?ﬁ% [0.189]
Temperature 72033 727 55 [712] 729 ¥4 721 728 *3 [715] 730 733 [718]
log(H,0) -4 -39+07-4.2] -4.0*0.71-3.6] -4.0+071-3.8] -4.0 *07 [-4.0]
log(CHy) -3.22 3.1 j§~§ [-3.4] 3.1 j§1§ [-2.9] 3.2 j§§ [-3.1] 3.1 tg;g [-32]
log(N,/He) -10 1R 773 1-5] 153191 -7 tg [-11]
102(P iouds) -1 L1 ¥ [-0.9] -1.1 707 [-1.4] 11 R0 [-1.1] 1.1 70T [-1.0]
u 23 2289 10033 22611 2289 %007 (2.061]  2.288 *(003 [2.261] 2289 *00K [2.261)
‘ p=52
Mass 0.026 0.026 *0.992.[0.028]  0.027 i§§§% [0.029]  0.037 j§;§i4 [0.054]  0.075 jggi; [0.064]
Radius 0.189 0.19 jg;ggi [0.188]  0.190 io-%l [0.188]  0.190 fo'%oi [0.189]  0.190 to-o(%l [0.189]
Temperature 720 789 *135 [743] 757 +137[728] 685 *1541665] 788 *112(777]
log(H,0) -4 62 [-3] 5.6 78 [-2.9] -5 2 [-4] -6 12 [-4]
log(CHy) 322 -3.3*06-3] 34 t§§ [-2.6] 34 jg;g [-3.3] -334071-3.3]
log(N2/He) 0 0.18 *0171-0.04] 012 *02 [-0.10] 0.3 18-2 [-9.9] 79
108(Pelouds) -1 0417~ 1.6] 04 t{% [-1.7] 0.08 f};j% [-0.96] 0.2 fé;g [-0.9]
% 52 6.6 717 [5.0] 613 5] 3.9%3712.3] 2.284 0037 12.261]
| u=176
Mass 0.026 0.026 j§;§°§ [0.028]  0.027 tgfég% [0.025]  0.027 j‘é;gé; [0.037]  0.085 j§;§§g [0.084]
Radius 0.189 0.190 fog%{ [0.189]  0.190 *0001 [0.189] 0190 *001 [0.189]  0.190 foio%} [0.187]
Temperature  720.33 896 *328 [791] 849 *276'[778] 860 *2) [831] 681 *117(778]
log(H20) 4 75 141 -8 3 [-4] -8+ [-4] -6 [-3]
log(CHy4) 322 33 107 [-2.7] -33%07[-2.9] 33107 [-3.4] 34108124
log(Ny/He) 0.3 0.6 ¥04 [0.4] 0.6 ¥05 [0.5] 0.6 *0 10.2] -6 +4 [-6]
10g(Peiouds) -1 0.5 15 [-1.3] 0.7 112 [-0.8] 0.6 16 [-1.0] 0.06 jl;%g [-2.21]
j 7.6 127 [9] 1174 110] 113 [6] 2.285 *000s [2.261]
| p=111
Mass 0.026 0.026 f§§§% [0.026]  0.026 %07 [0.028]  0.030 j§;§é; [0.035]  0.080 jg;gé;‘ [0.092]
Radius 0.189 0.190 *{0t [0.190]  0.19 fg;ggé [0.189]  0.190 10-%9; [0.188]  0.189 to-%} [0.188]
Temperature ~ 720.33 984 350 [793] 873 399 [696] 929 *317'[836] 615 *327[624]
log(H,0) -4 855 [-5] 715 [-5] 813 [-3] 745 [-3]
log(CHy) 322 3.4 +00 [-3.6] 34 +08-3.7] 33+ 08 2.1 3.6 108 [-2.8]
log(Ny/He) 0.6 1223 10.8] L1+0210.5] 1.1 70 [0.6] -5+ [-5]
108(Pclouds) -1 03 j(})z [1.9] 0.07 j}%zg [-0.53] 0.4 17 [-2.0] 0.4 f{;s; [-1.7]
7 111 20 +3[14] 18 79, 9] 18 +0) [11] 2.30 75 08 12.26]

Notes. I report the median values with its 1o~ error and the MAP values in square brackets.
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TABLE A.7: Retrieved values obtained from the analyses performed on a N>-dominated cloudy sec-
ondary atmosphere (Pepugs = 1073 bar) of a super-Earth around an Sth magnitude M star in the
different scenarios considered here.

N;-dominated cloudy secondary atmosphere of a super-Earth around an 8th magnitude M star (Pggugs = 10- bar)

Parameter True value \ u=23
M | 10% 30% 50% Unknown
Mass 0.026 0.026 0992 [0.026]  0.029 j§;g§g [0.028]  0.031 j§§§§ [0.025]  0.038 jgggg [0.028]
Radius 0.189 0.191 jg;g?g [0.187]  0.193 j0§g§ [0.196]  0.193 foi9g6 [0.188]  0.198 {0 [0.191]
Temperature 720.33 727 %7 [743] 747 jﬁg [738] 768 118 [722] 813 11 [743]
log(H,0) -4 -6 5 [-4] 538 jéig [-5.3] 5.7 fég [-4.0] -7 %2 [-4]
log(CHy4) 322 3.6 jgg;g [-3.0] -3.7 400 [-4.4] -3.6 707 [-3.3] -4.1 708 [-3.6]
log(Ny/He) -10 -7 j% [-10] 73 [-4] 6.7 134 1-10.8] -7+3[-9]
108(Peiouds) -3 -2.6 1?%1(? [-3.303] 25190 [-1.7] 2.5 502 [-3.0] -1.9 708 [-2.6]
+0.036 0.028 0.029 0.010
7 2.3 22814003612 061] 2280 *0028 [2.262]  2.281*0029 2261] 2277 +0010 [2.261)
‘ u=52
Mass 0.026 0.026 *0992[0.024]  0.028 j§§§§ [0.033]  0.034 *0008 [0.042]  0.077 *0:916 [0.078]
Radius 0.189 0.193 *0005 [0.176]  0.190 joj%l [0.187]  0.193 jg;%%‘; [0.183]  0.193 *5i03 [0.194]
Temperature 720 708 53¢ [604] 736 353 [640] 725 302 [736] 773 H13(713)
log(H,0) -4 755 1-3] -85 [-5] -8 3 [-4] -8 3 [-5]
log(CHy4) 322 38 711 [-24] 3.8 710 [-47] 4.0 t14 [-2.4] 3.9 12 [-4.5]
log(Na/He) 0 0.4 4 [-5.3] 2+ 7-10] -1.2%28[-11.5] 675 [-2]
log(Peiouds) 3 275 [-4] 2.0 fi»? [-2.0] -1.7 732 [-4.1] -1.9 418 [-1.3]
I 5.2 9 14 12.261] 24304 2.3] 2.5 7201 [2.261] 2.283 *0.184 12.355)
‘ u=17.6
Mass 0.026 0.026 j§§§§ [0.025]  0.028 j§§§§ [0.023]  0.034 fg-g(gg [0.032]  0.077 j§§é§ [0.070]
Radius 0.189 0.191 #5093 [0.176]  0.193 *090270.1921  0.193 0% [0.19] 0192 *0%02 [0.187)
Temperature 720.33 585 1305 [549] 597 £33 [880] 730 *331 [920] 656 *375 [681]
log(H,0) -4 753 1-3] 83 [-5] 83 [-5] 873 [-8]
log(CHy) 322 4249 [-24] -4.5 i%;‘ [-3.9] -5 2 [-3] 4.4+~ [-2.8]
log(N,/He) 0.3 0.4+ [-4.9] 0.8 t38;0§ [0.9] 0.9 07 10.5] -4 +3[-9]
108(Pclouds) -3 2.4 134 [-4.5] L7 0 [-1.9] -13727[-32] -1.7 4 [-3.6]
7 7.6 9 +1472.261] 14+10 15] 16 %, [10] 230 +1811 [2.26]
\ p=111
0.002 0.006 0.009 0.015
Mass 0.026 0.027 t8‘88% [0.028]  0.030 too%%ﬁ [0.033]  0.032 joo%%g [0.023]  0.075 t%%zz‘ [0.088]
Radius 0.189 0.190 foggs [0.190]  0.19 jg;% [0.192]  0.19 fg;g, [0.188]  0.19 tgzggg [0.188]
Temperature 720.33 438 77 [916] 519 *370[954] 540 533 [682] 608 *$35 [607]
log(H,0) -4 814l 8 1-6] 8314l 83 1-]
log(CHy) 322 672 [-3] -5+ [-5] -6 t(;, (4] -6 73 [-3]
log(N,/He) 0.6 0519 [1.3] 05k [1.5] 0.7 99 [0.4] -5 0 [-6]
10g(Peiouds) 3 22177 [-3.0] 2.1 R [-0.7] 245 [-3] 245 [-3]
u 11.1 10 1 21] 10 734 [23] 1210 9] 2.29 *}739 [2.26]

Notes. I report the median values with its 1o error and the MAP values in square brackets.
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TaBLE A.8: Retrieved values obtained from the analyses performed on a HyO-dominated cloudy
secondary atmosphere (Pjp,qs = 107! bar) of a super-Earth around an 8th magnitude M star in the
different considered scenarios.

H,0-dominated cloudy secondary atmosphere of a super-Earth around an 8th magnitude M star (P ouqs = 10! bar)

Parameter True value ‘ u=23
M | 10% 30% 50% Unknown
Mass 0.026 0.027 t§§§$ [0.026]  0.027 j§§§% [0.027]  0.027 tg(ég% [0.027] 0.027 jg»gogz [0.027]
Radius 0.189 0.191 3000 [0.190]  0.191 #0001 [0.189] 0191 *{00% [0.190] 0.191 fg;&g} [0.19]
Temperature 720.33 704 32 [703] 715 32 [724] 717 +33 [725] 717.815 F35250 [713.822]
log(CHy) 322 35 f‘é;i [-3.3] 35 j§;% [-3.2] 35 jg;% [-3.4] -3.502 ﬁéé; [-3.411]
log(H,0/He) -1.22 -1.6 703 [-1.3] -1.6 *0% [-1.2] -1.6 *p3 [-1.5] -1.594 foigé [-1.436]
102(Piouds) -1 0.6 *17 [-0.9] 0.5 *1-7[-0.9] 0.5+ 3 [-0.8] 0.534 * :'3§g [-0.693]
H 23 2.34 1308 [2.35] 2.33 4008 [2.38] 2.33 7099 [2.33] 2.331 *0067 [2.336)
\ pu=52
Mass 0.026 0.026 j§:§§§ [0.028]  0.028 jgg‘ég [0.042]  0.031 f§i§?é [0.024] 0.062 j§:§§% [0.032]
Radius 0.189 0.189 001 [0.189]  0.189 *0-01 [0.1901  0.189 (00! [0.189] 0.191 #1000 [0.190]
Temperature 720 733 *1151716) 735 12l [725] 720 Ha* [719] 826 jé;*;} [696]
log(CHy) 322 32702 [-3.3] 327104 [-3.5] 33104 [-3.2] 3.8 t8;5 [-3.5]
log(H,0/He) 0.24 0.29 *519 10.21] 0.2 %93 [-0.2] 0.14 #0409 10.34] -0.804 *{%29 [0.003]
108(Peiouds) -1 0.4 f:;g [1.8] 0.4 f{% [1.4] 0.6 ¥} [-0.7] 0.9 *14 [0.8]
7 5.2 55714 [5.0] 52117 [3.4] 4723 [5.8] 2.6 ¥ [4.1]
‘ u=176
Mass 0.026 0.026 j§;§§§ [0.027]  0.026 j§§§% [0.017]  0.026 jﬁgé% [0.023] 0.070 j§;§§; [0.063]
Radius 0.189 0.189 fogg: [0.189]  0.189 *[001 [0.188]  0.189 *(-{1 [0.189] 0.190 *{{01 [0.190]
Temperature 720.33 842 *28 [723] 844 217 [736] 820 290 [669] 787 *1071759]
log(CH4) 322 33108 -3.2) 32708 1-3.1] -32+081-32] -4.0 *08 [-3.6]
log(H,0/He) 0.59 0.9 *5910.6] 0.9 j%:g [1.0] 0.9 j$;§ [0.7] 0305 [-0.2]
108(Peiouds) -1 0.2*5, [2.4] 0.13 7182 [-1.74] 0.3 11 [1.8] 11 tl:;g [1.9]
u 7.6 1045 (8] 10 45 [11] 10+ [8] 322 [34]
\ p=1L1
Mass 0.026 0.026 j§;§§§ [0.028]  0.029 j§§§$ [0.024]  0.031 i§§§§ [0.020] 0.066 f§;§§g [0.019]
Radius 0.189 0.189 *; 9; [0.189]  0.189 jo-%%z [0.188]  0.189 *[:001 [0.189] 0.190 *i001 [0.189]
Temperature ~ 720.33 883 217 [712] 899 250 [854] 886 311 [715] 970 31 [713]
log(CHy4) 3.22 -5 fé [-3] -5+21-3] S512(-3] -5 2 [-3]
log(H,0/He) 0.996 1.5 03 10.9] 1.4 jog [1.1] 1.4 j?;g [1.6] 0.7 *07[1.5]
10g(Piouds) -1 0.5 723 [2.1] -0.10 jg;%g [-2.02] -0.01 *534 [0.66] 0.2+ [-1.5]
u 11.1 15 2 [10] 14 2112] 14 j [15] 98 [15]

Notes. I report the median values with its 1o error and the MAP values in square brackets.
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TABLE A.9: Retrieved values obtained from the analyses performed on a HyO-dominated cloudy
secondary atmosphere (P jouas = 1073 bar) of a super-Earth around an 8th magnitude M star in the
different scenarios considered here.

H,0-dominated cloudy secondary atmosphere of a super-Earth around an 8th magnitude M star (Pgougs = 103 bar)

Parameter True value ‘ u=23
M | 10% 30% 50% Unknown
Mass 0.026 0.026 j§§§§ [0.024]  0.029 j§;§§§ [0.024]  0.032 f§§§g [0.024]  0.034 tﬁjgé; [0.029]
Radius 0.189 0.191 foiggﬂ [0.188]  0.192 jo;%)j [0.187]  0.194 foiggit [0.187]  0.194 jo-%oj [0.191]
Temperature 720.33 711 fsg [715] 736 72 [715] 758 750 [721] 774 100 (737)
log(CHy) 322 3.7 j§:7 [-3.0] 3.7 %05 [-3] -3.8 j§;~7 [-3.0] 3.7 jg;g [-3.4]
log(H,0/He) -1.22 -1.7 jg;g [-0.9] -1.8 jg;g [-1.4] -1.9 jg;g [-1.0] -1.8 j8:; [-1.4]
102(P c1ouds) 3 2.5 jg-g [-3.2] 24 tg% [-3.0] 23 tg% [-3.3] 2.3 jg-% [-2.8]
12 X .08 11
" 23 232 *3 12.50] 231 ¥4 [2.35] 230 *08 [2.45] 231 %5 [2.34]
n=52
Mass 0.026 0.026 jﬁé’% [0.023]  0.028 jgggg [0.032]  0.029 j§;§é; [0.034]  0.077 tggég [0.079]
Radius 0.189 0.194 10-%3 [0.188]  0.194 io‘o%z [0.1911  0.194 fo‘o%i [0.190]  0.195 fo‘%z [0.193]
Temperature 720.33 744 212 [820] 733 j%%l [790] 707 *23[816] 720 fgso (820]
log(CHy) 322 35400 [-3.0] 357 [-3.1] 35040 1-3.2] 44408 [-4.2]
log(H,O/He) 0.24 0.9 *04 10.4] 0.9 ngE [0.4] 0.8 jzgg [0.3] -0.8 Tl [-0.9]
10g(P ciouds) -3 -1.0 28 [-3.4] -0.7 ¥3:3 [-2.6] -0.6 732 [-2.8] -0.4 22 [-1.9]
u 5.2 10 ¥ [6] 10+ [6] 1043 [5] 2.6 753 125]
‘ u=176
Mass 0.026 0.026 j§;§§§ [0.025]  0.029 jgg(ég [0.033]  0.030 i§i§é$ [0.021]  0.071 tﬁ(éé% [0.098]
Radius 0.189 0.192 #1007 [0.190]  0.192 fg;m [0.188]  0.193 jdo(%; [0.191]  0.193 tO;%z [0.192]
Temperature 720.33 695 292 [657] 722 #2835 [1011] 708 *277[708] 826 320 [793]
log(CHy4) 322 -5 23] -6 75 [-3] -5 2 [-3] -6 2 [-4]
log(H,O/He) 0.59 1.4 *0210.6] 13 jg;; [0.7] 1203 (1.4] 0.60 f?»%‘%‘ [-0.15]
1og(Piouds) -3 0.4 jg;% [-2.6] 0.4 j§;82 [-3.8] 0321 [-2.5] -0.6 23 [~ 1.6]
7 7.6 14+2 (8] 142 (8] 13 73 [14] 8+ 4]
=111
Mass 0.026 0.026 j§;§§§ [0.026]  0.028 j§§§% [0.027]  0.034 j§;§ég [0.034]  0.065 t‘é%g [0.044]
Radius 0.189 0.191 #0001 [0.189]  0.191 *301 [0.191]  0.191 *{001 [0.190]  0.191 *§0} [0.190]
Temperature 720.33 584 1320742 530 2717722 581 5332 [609] 729 H20[815]
log(CHy) -3.22 73 [-3] 753 [-4] -6 [-3] 753 1-3]
log(H,O/He) 0.996 1.3 j8;§ [1.2] 1.3 j?§ [1.7] 1.22510.6] 0.9 707 10.7]
102(Peiouds) -3 -1.6 24 [-2.9] -0.7 25 [-2.3] -0.6 23 [-2.3] -L1%33 [-2.8]
p 11.1 1473 113] 13 73 [16] 1343 [8] 1173 (8]

Notes. I report the median values with its 1o error and the MAP values in square brackets.
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TaBLE A.10: Retrieved values obtained from the analyses performed on a CO-dominated cloudy
secondary atmosphere (Ppuqs = 107" bar) of a super-Earth around an 8th magnitude M star in the
different considered scenarios.

CO-dominated cloudy secondary atmosphere of a super-Earth around an 8th magnitude M star (Pgougs = 10! bar)

Parameter True value | u=23
M | 10% 30% 50% Unknown
Mass 0.026 0.026 tgggg [0.026]  0.026 j§§§§ [0.026]  0.026 j§§§§ [0.026]  0.026 f§§§§ [0.027]
Radius 0.189 0.188 f03§)83 [0.189]  0.189 fo:ﬁ;s [0.189]  0.188 10;%,3 [0.189]  0.189 foi%)s [0.190]
Temperature ~ 720.33 728 ¥30 [714] 731 ¥ [718] 732 45 [727] 729 j3? [735]
log(H,0) -4 3.8 jg;é [—4.0] 3.9 j§;§ [-4.0] 3.9 jg;é [-4.0] 3.9 t§3g [-4.3]
log(CHy) -3.22 3118 [-3.2] 3148 [-3.3] 3.1 18 [-3.2] 31708 [-3.4]
log(CO/He) -10 83 [-7] 83 [-6] 83 [-12] -8 3 [~11]
10g(Petouds) -1 -1.2 j%f [-1.0] -1.1 %96 [-1.0] 12406 [-1.0) -1.1*97 [-0.9]
7 23 229 10083 [2.261] 2280 *008 [2.261]  2.290 *0)E3 [2.261]  2.288 *O04 [2.261]
\ pu=52
Mass 0.026 0.026 j§;§§§ [0.025]  0.027 jg‘ég{‘) [0.031]  0.030 jggég [0.027]  0.071 jggig [0.053]
Radius 0.189 0.190 *)001 [0.190]  0.190 *p0! [0.189]  0.190 *{11 [0.189]  0.191 fo;qm [0.189]
Temperature 720.33 796 *197 1761 781 F183 1717 785 * 155 [698] 809 154 [749]
log(H20) -4 6% [-4] 6% [-4] 6% [-4] 745 [-4]
log(CHy) 322 32+ -3.1] 3204 -3.3] 33 18-% [-3.3] -3.7 jﬁ% [-3.5]
log(CO/He) 0 02 *0210.2] 0.18 027 [-0.16] 0.1 fgg? [-0.06] 15 15 [=1.1]
10g(Peiouds) -1 0.6 t}g [-0.7] 0.5 i};g [-0.8] 0.4 i{;ﬁ [-0.71 103 [-0.7]
j 52 75107 775 14] 675 5] 2.40 350 [2.51]
‘ u=17.6
Mass 0.026 0.026 j§;§§§ [0.024]  0.026 j§§§$ [0.033]  0.027 j§;§é§, [0.026]  0.074 j§;§é§ [0.026]
Radius 0.189 0.190 3001 [0.189]  0.190 *(01 [0.189]  0.190 jo-%%{ [0.189]  0.190 10-0%} [0.190]
Temperature ~ 720.33 888 392 [688] 913 +320 [804] 864 205 [725] 751 #2170
log(H,0) -4 -873 [-4] -8 73 [-4] -7 13 [-4]1 -7121-5]
log(CHy) -3.22 32403 [-3.5] -32%03[-3.4] -32%03[-3.2] 3.6 108 [-34]
log(CO/He) 0.3 0.7 705 10.3] 0.7 *> [0.2] 0.6 ¥ [0.4] -0.7 *99 [0.4]
10g(Peiouds) -1 0.6 119 [-0.9] 0.7 415 [-1.1] 0.6*]2 [-1.1] 0.8 *14 [-0.3]
u 7.6 12+ 18] 124717 128 [8] 3.0 739 (8.3]
| p=111
Mass 0.026 0.026 jg-ggé [0.024]  0.027 t§§§% [0.032]  0.028 1§;§ég [0.012]  0.067 f§i§3i [0.026]
Radius 0.189 0.190 fgioo} [0.19]  0.190 jo-%%l [0.190]  0.190 *0007 [0.189]  0.190 *)01 [0.189]
Temperature 720.33 988 343 [671] 905 +333 [734] 941 310 [659] 839 *34e [803]
log(H,0) -4 753 1-5] -8 13 [-5] 155141 743 1-4]
log(CHy) -3.22 32407 [-3.4] 32107 [-3.44] 32407 -3.3] 35408 [-2.9]
log(CO/He) 0.6 13 j%g [0.7] 1.2 j%:i [0.6] 1.2 703 [1.3] 0.2 *9510.8]
10g(Petouds) -1 0.6 1% [2.1] 0.6 *13 [2.5] 03 +17[-13] 0.5 j};g [-0.7)
u 11.1 20 "4 [13] 20 %3 [11] 198 121 7 14]

Notes. I report the median values with its 1o~ error and the MAP values in square brackets.
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TaBLE A.11: Retrieved values obtained from the analyses performed on a CO-dominated cloudy
secondary atmosphere (P jouas = 1073 bar) of a super-Earth around an 8th magnitude M star in the
different considered scenarios.

CO-dominated cloudy secondary atmosphere of a super-Earth around an 8th magnitude M star (Pgouas = 10~ bar)

Parameter True value ‘ u=23
M | 10% 30% 50% Unknown
Mass 0.026 0.026 j§;§§§ [0.026]  0.029 j§;§§§ [0.028]  0.031 f§§§§ [0.026]  0.037 j§;§§2 [0.027]
Radius 0.189 0.191 toiggg [0.191]  0.192 foiggi [0.191]  0.193 ioggm [0.189]  0.196 fo‘%%i [0.191]
Temperature ~ 720.33 727 j5§ [715] 751 %7 [721] 762 j? [722] 813 *10[742]
log(H20) -4 -5.4 t(li;8 [-4.6] -6 %5 [-4] -6 [4] -61 [-4]
log(CHy) -3.22 3500 [-3.7] -35 t‘i;g [-3.4] 35707 -3.3] -3.8 702 [-3.6]
log(CO/He) -10 73 1-9] -8 jg [-10] -8 3 [-5] 73 18]
108(Peiouds) -3 2.7 jéé’ [-2.5] -2.6 tl»% [-2.7] 2.6 130 [-2.9] 22708 [-2.7]
7 23 228 003 22611 2.281 7002 (22611 2.280 *00%0 (22611 2.278 *0U18 [2.261]
u=52
Mass 0.026 0.026 fg-%%g [0.03]  0.030 j§;§§g [0.034]  0.033 j§§§§ [0.041]  0.079 jﬁgégz [0.080]
Radius 0.189 0.186 *0%09°[0.183]  0.189 103%%2 [0.182]  0.189 jo-%% [0.188]  0.192 *302 [0.194]
Temperature 720.33 633 1108 [657] 618 335 [628] 672 jj}g [687] 763.3 130 [707]
log(H20) -4 7235 =51 8 1-3] S5 -84 [~10]
log(CHy) -3.22 3500 [-3.7] 3.5 70487 [-2.2] 3509 [-4.2] -3.85 1106 [-4.41]
log(CO/He) 0 48 [-2] -4*3[-10] -478[-2] -6 %5 [-3]
102(Piouds) 3 2545 -3.0] 23 tgé [4.2] 2.3 t{g% [-2.3] -1.9 2 [-14]
,1 5.2 2204 510123451 2.30 Fii8 [2.26] 2.29 0557 12.28] 2.280 *0008 [2.263]
| n=16
Mass 0.026 0.026 jﬁ‘égé [0.025]  0.029 j§;§§g [0.035]  0.034 j§§§§ [0.021]  0.074 jggég [0.093]
Radius 0.189 0.191 fojo? [0.189]  0.189 10-%(;; [0.1771  0.192 to;%g6 [0.189]  0.191 fo;%7 [0.190]
Temperature 720.33 574 j‘%‘gz [833] 499 jgzg [670] 575 *350 [731] 596 333 [700]
log(H20) -4 -7 i? [-11] -7 i? [-10] 735 [-6] 755 1-5]
log(CHy) 322 -4.1 12 1-3.0] -4.1*13[-22] -42+3[-2.8] -43 j;;g [-3.2]
log(CO/He) 0.3 0.9 jg;; [0.6] -3 jg [-9] 0.4 14 0.6] -6.3 182 [-1.3]
10g(Petouds) 3 2541(-32] 215 (5] -1.9 2 [-3.5] 273 [-3]
I 7.6 1549, [10] 2.31 71986 12.26] 91411 2.281 *3478 [2.422]
| p=111
Mass 0.026 0.026 f§§§§ [0.027]  0.029 tgggg [0.025]  0.034 i§§§§ [0.026]  0.076 jggég [0.081]
Radius 0.189 0.187 fO-O%O [0.189]  0.190 *{'0% [0.190]  0.190 *05 [0.190]  0.189 *:{05 [0.189]
Temperature 720.33 428 +312 [875] 402 *154 [842] 441 j§g§ [702] 701 *$96 [648]
log(H,0) -4 -7 tg -71 -7 t% [-5] <743 [-10] -7 3 [-10]
log(CHy) -3.22 -6 [-3] 5% 131 -6 t; [-3] -6 t% [=5]
log(CO/He) 0.6 -4.0 *3410.9] 0.7 j%g [0.9] 12727 (1.0] 54 [-3]
10g(Peiouds) 3 27 t};§ [-3.5] 353 215 [=3] 345 1-2]
7 111 2.29 757" [15.53] 12 713 [16] 2.5 7200 [16.7] 2.278 117039 [2.262]

Notes. I report the median values with its 1o error and the MAP values in square brackets.
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Additional material for Chapter 4

B.1 HD3167 ¢

TaBLE B.1: Results obtained from the retrieval performed on the simulated spectra of HD3167c

HD3167¢
Param Petouas oM = 8%
(bar) Acc. MAP Acc. Prec.

1 0.77 0.08 6.11/6.04
Mass -1 1.12 1.72 6.64/6.47

-3 1.06 1.17 6.06/6.14

1 <0.01 <0.01 <0.01/<0.01
Radius -1 <0.01 0.01 <0.01/<0.01

-3 <0.01 0.01 <0.01/<0.01

1 0.74 0.24 7.13/7.27
Temp -1 1.58 2.17 9.84/9.4

-3 24.24 14.67 14.57/

1 0.45 0.38 /
Peiouds -1 0.09 0.03 0.22/0.15

-3 1.32 0.69 0.89/

1 0.04 0.02 0.3/0.29
H,0 -1 0.04 0.01 0.47/0.52

-3 0.99 2.53/2.91

1 0.01 <0.01 0.21/0.22
CHg4 -1 0.1 0.06 0.33/0.43

-3 1.82 0.86 2.92/2.63

1 0.02 0.11 0.45/0.46
co -1 0.12 0.1 0.6/0.6

-3 1.13 2.96/2.77
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B.2 HD 152843 B

TaBLE B.2: Results of the retrieval performed on the simulated spectra of HD152843 b

HD152843 b
Param Peiouds oM = 10% oM = 30% oM =55%
(bar) Acc. MAP Acc. Prec. Acc. MAP Acc. Prec. Acc. | MAP Acc. Prec.

1 0.72 1.8 6.75/7.29 2.37 3.1 9.54/10.36 2.52 1.44 10.26/11.47
Mass -1 1.89 5.72 7.27/1.53 6.73 5.14 12.31/13.28 8.2 0.04 12.74/15.51

-3 2.95 2.6 6.9/5.66 8.64 12.94 15.07/15.28 | 22.89 6.87 /

1 0.02 0.19 0.38/0.38 0.02 0.06 0.44/0.45 0.03 0.04 0.46/0.47
Radius -1 0.36 0.27 1.38/1.05 0.15 0.01 1.45/1.12 0.21 0.19 1.5/1.23

3 0.38 1.94 2.2/2.06 0.7 0.09 2.39/1.86 1.01 1.68 2.51/1.83

1 0.57 0.78 5.61/6.44 1.74 3.58 7.04/8.72 1.81 0.81 8.05/8.86
Temp -1 0.82 3.86 6.82/7.46 3.55 2.49 8.96/9.94 4.36 0.51 9.04/11.62

-3 14.01 5.29 17.08/ 7.33 8.12 18.09/ 0.99 14.82 /

1 0.46 1.42 / 0.43 0.22 / 0.44 0.08 /
Peiouds -1 0.12 0.06 0.35/0.2 0.1 0.12 0.36/0.2 0.13 0.07 0.4/0.22

-3 0.69 0.38 0.85/ 0.58 0.18 0.8/ 0.84 0.53 0.81/0.95

1 0.02 0.05 0.16/0.17 0.03 0.01 0.17/0.17 0.02 0.03 0.18/0.18
H,0 -1 0.12 0.06 0.3/0.37 0.11 0.07 0.3/0.36 0.13 0.12 0.29/0.4

-3 0.7 0.31 3.4/2.04 0.68 <0.01 3.27/ 0.06 0.82 3.27/

1 <0.01 0.01 0.13/0.14 <0.01 0.02 0.13/0.14 0.01 <0.01 0.13/0.13
CHy4 -1 0.12 0.01 0.23/0.34 0.14 0.1 0.24/0.34 0.17 0.06 0.25/0.38

-3 0.71 0.29 / 0.58 0.22 / 0.89 0.83 /

1 0.03 0.06 0.34/0.33 0.04 0.06 0.32/0.35 0.03 0.01 0.33/0.34
co -1 0.19 0.01 0.48/0.62 0.19 0.09 0.49/0.62 0.22 0.13 0.5/0.71

T- 0.19 2.39/3.11 - 1.49 2.66/3.21 - 0.83 2.91/3.04

226



B.3. TOI-1130 B

B.3 TOI-1130 B

TaBLE B.3: Results of the retrieval performed on the simulated spectra of TOI-1130 b

TOI-1130 b
Param Peiouds oM = 30% oM = 50% oM = 100%
(bar) Acc. MAP Acc. Prec. Acc. MAP Acc. Prec. Acc. MAP Acc. Prec.

1 0.03 3.33 7.83/8.45 0.21 0.62 7.61/8.43 0.45 1.17 7.87/8.98
Mass -1 7.44 35 13.8/15.52 9.38 4.57 15.85/18.16 11.31 5.37 16.72/19.9

-3 11.55 35.96 16.84/14.56 | 17.54 15.81 / - 16.15 /

1 0.02 0.03 0.28/0.28 0.02 <0.01 0.27/0.27 0.04 0.05 0.29/0.29
Radius -1 0.2 0.34 0.98/0.8 0.26 0.32 1.07/0.85 0.33 0.23 1.15/0.93

-3 0.46 2.54 1.91/1.5 0.63 1.51 1.99/1.36 0.35 0.26 1.66/1.49

1 0.25 3.46 6.2/5.717 0.04 0.58 5.82/5.93 0.17 0.25 6.28/5.87
Temp -1 2.36 2.66 7.88/9.64 3.35 2.51 8.48/10.2 4.1 2.33 9.11/10.32

-3 9.24 5.25 / 5.58 3.34 / 29.13 11.11 /

1 0.47 1.69 / 0.46 1.79 / 0.51 0.43 /
Plouds -1 0.04 0.01 0.18/0.14 0.04 0.1 0.19/0.15 0.03 0.01 0.2/0.15

-3 0.85 0.54 0.92/0.93 0.83 0.09 0.87/ 0.96 1.09 0.96/

1 <0.01 0.05 0.16/0.16 0.01 <0.01 0.15/0.15 0.01 0.01 0.14/0.16
HO -1 0.04 0.16 0.26/0.3 0.04 0.09 0.26/0.31 0.06 0.04 0.25/0.29

-3 1.31 1.04 3.42/2.25 1.12 0.08 3.54/2.12 1.73 1.53 3.23/2.64

1 0.01 0.03 0.12/0.11 0.01 0.02 0.12/0.11 <0.01 0.04 0.12/0.12
CHy -1 0.08 0.16 0.21/0.25 0.08 0.05 0.21/0.26 0.1 0.04 0.21/0.25

-3 0.29 0.86 2.74/ 0.3 0.02 2.42/ 0.02 1.38 3.92/

1 0.01 0.03 0.31/0.31 0.01 0.07 0.3/0.3 0.02 0.07 0.3/0.31
co -1 0.09 0.14 0.4/0.47 0.1 0.06 0.42/0.48 0.13 0.06 0.41/0.49

-3 0.03 2.75/2.65 - 0.23 2.95/2.82
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B.4 AU Mic c

B.4.1

MARTIOLI ET AL. (2021)

TaBLE B.4: Results of the retrieval performed on the simulated spectra of AU Mic obtained using the
parameters from Martioli et al. (2021)

228

AU Mic ¢ (Martioli et al., 2021)
Param Peiouds oM = 30% oM = 50% oM =85%
(bar) Acc MAP Acc. Prec. Acc. MAP Acc. Prec. Acc MAP Acc. Prec.
1 5.55 0.69 14.19/16.13 8.61 2.64 15.74/20.17 10.69 291 16.91/21.86
Mass -1 20.93 15.71 19.55/19.03 | 48.92 11.73 22.58/21.85
-3 10.46 5.58 18.12/19.11 37.14 2.23 26.29/19.98 29.47/30.03
1 0.12 0.03 0.38/0.33 0.14 0.02 0.36/0.37 0.16 0.1 0.38/0.38
Radius -1 1.07 0.62 1.23/0.76 1.61 0.3 1.02/0.43 1.85 1.1 0.59/0.37
-3 1.73 0.67 2.68/1.75 1.57 2.15 2.9/1.97 2.05 1.78 3.4/1.67
1 2.12 0.76 14.07/15.46 4.49 2.55 15.2/17.88 6.29 5.16 15.84/19.13
Temp -1 17.26 3.68 23.96/30.3 13.62 0.1 22.35/25.42 4.97 114 21.28/21.8
-3 26.16 16.11 42.45/61.8 15.56 18.38 42.19/64.47 7.56 9.66 39.37/78.2
1 0.41 0.78 1.21/1.06 0.37 1.09 1.16/1.09 0.39 1.0 1.19/1.1
Peiouds -1 0.13 0.1 0.51/2.22 0.72 0.02 0.87/2.25 1.43 0.18 1.34/1.74
-3 0.35 1.02 1.24/1.07 0.62 0.96 1.17/1.2 0.6 0.82 1.24/1.21
1 0.08 0.09 0.51/0.44 0.11 0.17 0.56/0.48 0.14 0.04 0.58/0.49
H,0 -1 0.18 0.16 1.33/0.84 0.13 0.05 1.51/0.87 0.19 0.45 2.67/1.02
T- 135 2.67/3.21 - 0.66 2.69/2.87 - 0.39 2.93/2.85
1 <0.01 0.06 0.33/0.34 0.02 0.05 0.33/0.36 0.04 0.01 0.34/0.37
CH,4 -1 0.62 0.12 0.65/0.62 0.67 0.2 0.58/0.62 0.61 0.22 0.56/0.61
T- 1.08 2.38/2.64 - 0.59 2.56/2.81 - 0.5 2.38/2.77
1 <0.01 0.23 0.59/0.58 0.05 0.3 0.54/0.61 0.04 0.04 0.57/0.62
Cco -1 0.56 0.25 1.02/0.9 0.65 0.37 0.98/0.87 0.64 0.57 1.07/0.88
_ 2.87/2.94 - 1.08 3.24/2.61 - 0.33 2.98/2.85




B.4. AU Mic ¢

B.4.2 CaLEET AL. (2021)

TaBLE B.5: Results of the retrieval performed on the simulated spectra of AU Mic obtained using the
parameters from Cale et al. (2021)

AU Mic c (Cale et al., 2021)
Param Peiouds LinearPrior — U pperLimit
(bar) ["Acc. [ MAP Acc. Prec.
1 14.62 0.2 18.31/26.31
Mass -1 7.31 20.51/12.97
-3 34.87 24.31/19.1
1 0.28 0.03 0.5/0.52
Radius -1 2.19 0.06 0.73/0.47
-3 0.75 0.4 7.02/3.48
1 7.96 2.22 16.97/21.43
Temp -1 10.06 14.59 22.47/25.06
-3 24.08 19.52 48.93/91.48
1 0.39 0.03 1.16/1.12
Peiouds -1 1.32 0.04 1.27/1.81
3 | 064 0.75 1.24/1 43
1 0.18 0.03 0.68/0.51
H,O -1 0.14 0.36 3.04/1.05
-3 - 0.49 2.75/2.64
1 0.04 0.07 0.38/0.39
CHy4 -1 0.62 0.37 0.58/0.72
-3 - 0.74 2.74/2.68
1 0.05 0.13 0.64/0.68
CO -1 0.57 0.01 1.27/0.92
-3 2.68/2.74
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B.4.3 ZicHER ET AL. (2022)

TaBLE B.6: Results of the retrieval performed on the simulated spectra of AU Mic obtained using the
parameters from Zicher et al. (2022)

230

AU Mic ¢ (Zicher et al., 2022)
Param Peiouds oM = 10% oM =20% oM =30%
(bar) Acc MAP Acc. Prec. Acc. MAP Acc. Prec. Acc MAP Acc. Prec.
1 275 4.56 8.66/8.54 6.27 5.09 15.55/17.51 15.36 40.58 19.22/19.31
Mass -1 1.09 5.58 7.8/1.9 9.09 41.72 16.83/14.62 13.32 11.81 20.13/19.32
-3 1.74 3.51 8.22/7.47 4.63 4.61 14.16/15.06 13.96 4.45 18.42/17.59
1 0.22 0.08 0.49/0.45 0.19 0.11 0.47/0.44 0.22 0.33 0.5/0.44
Radius -1 1.06 0.51 3.73/1.98 0.28 0.65 3.98/1.37 0.23 0.09 4.71/1.35
-3 0.57 5.28 6.18/2.17 0.4 0.99 5.65/2.15 0.08 1.03 4.77/1.84
1 8.58 10.44 33.57/38.39 4.14 14.78 33.1/40.41 3.52 15.51 35.27/44.23
Temp -1 1.05 35.14 52.16/108.81 | 21.46 10.33 49.54/163.06 15.64 0.16 50.34/154.19
-3 10.66 54.8/138.81 5.49 0.45 55.59/144.88 3.06 38.22 50.36/152.29
1 0.04 1.82 1.35/1.26 0.01 0.42 1.27/1.3 0.06 1.59 1.34/1.18
Peiouds -1 1.51 0.18 1.83/1.73 1.52 0.18 1.7/2.3 1.34 0.55 1.87/2.35
-3 0.77 1.85 1.08/1.44 0.57 1.61 1.44/1.47 0.46 0.46 1.35/1.49
1 1.63 0.28 3.35/2.1 1.79 0.3 3.41/2.24 0.39 3.22/2.32
H,O -1 0.89 2.91/2.64 0.46 3.07/2.77 0.53 3.05/2.91
-3 1.78 1.47 3.24/2.83 1.87 0.78 2.97/2.69 1.65 2.92/2.79
1 0.11 0.14 0.85/0.93 0.17 0.31 0.88/0.98 0.25 0.04 1.0/0.96
CH4 -1 0.84 1.0 3.5/2.3 0.36 0.22 3.77/2.0 0.29 0.66 3.85/1.98
-3 1.96 1.32 2.75/2.86 1.66 2.84/2.7 1.02 2.54/3.0
1 0.87 0.49 3.34/1.61 0.93 0.56 3.15/1.62 1.19 0.16 3.74/1.75
CO -1 1.25 3.44/2.86 0.95 3.5/2.79 0.31 3.36/2.93
-3 2.93/2.89 2.73/2.91 0.15 2.83/2.89




B.4. AU Mic ¢

B4.4 M, = 14.45M,

TaBLE B.7: Results obtained from the retrieval performed on the simulated spectra of AU Mic as-

suming a planetary mass of 14.45Mg

AU Mic ¢ - M, = 1445 Mg

Nobs = 6 Nobs = 18
Param Peiouds Linear Gaussian Linear Gaussian
(bar) Acc. MAP Acc. Prec. Acc MAP Acc. Prec. Acc MAP Acc. Prec. Acc. | MAP Acc. Prec.

| | 4064 | 443 | 26320550 | 42.22 443 | 18112080 | 10.08 428 | 16052256 | 8.6 1.93 12.78/15.1
Mass | -1 3411 | 27041737 24371461 1524 | 17.71/164

3 14.11/13.16 2881 | 22.74/15.38 14.47/15.1

1| 042 0.08 049/042 | 043 <0.01 04304 | 0.12 0.04 028031 | 0.1 0.07 0.27/0.27
Radius | -1 | 135 0.99 228062 | 148 141 167052 | 137 125 078036 | 156 031 0.44/0.27

3 | 09 0.65 527228 | 124 2.1 422.1 0.57 0.98 615247 | 116 02 5.5/2.0

1| 1875 5.45 2433347 |NoA23 42 22432900 | 5.06 30 | 15692005 | 4585 605 | 13.15/15.77
Temp | -1 | 1889 8.48 38.7/58.13 | 1206 | 1019 | 36.74/63.14 | 13.95 0.65 | 2236/29.07 | 9.95 3.92 21.5/24.73

3 | 837 - 53.53/130.75 | 1415 || 2497 | 50.16/128.00 | 2007 | 398 | 53.52/1390 | 9.6 | 2658 | 47.68/158.58

1| 027 0.28 108117 | 033 1.78 113100 | 047 0.71 L1610 | 044 | 093 1.17/1.06
Poowss | -1 | 022 0.22 197242 | 057 0.37 23234 | 054 0.29 07923 | 1.29 0.13 1.13/1.79

3 | 068 137 123142 | 036 1.17 135143 | 069 0.08 12315 | 075 137 12713

1| 099 0.33 339131 | 1.28 0.1 358139 | 0.1 0.08 0.56/0.45 | 0.12 0.19 0.5/0.47
H,0 1 | 156 0.18 3.53/2.39 0.07 30628 | 004 0.58 258092 | 0.16 0.46 3.06/1.02

3 - 0.28 3.02/3.00 2.66/2.9 - 179 2.63/2.77 - 0.62 2.77/2.94

1 02 0.22 0.66/0.64 | 027 0.1 0.61/0.63 | 0.03 0.03 0.35/0.36 | 0.03 0.1 0.33/0.34
CH, 1 | 068 0.17 121119 | 0.56 0.56 146/1.19 | 069 0.56 06067 | 0.64 | 038 0.56/0.62

3 |1 129 2.93/2.73 - 174 2.65/2.63 - 0.15 21527 | 163 | 134 2.99/2.32

1] 032 0.57 149/1.05 | 037 0.19 131/11 | <001 0.08 0.57/0.58 | 0.03 021 0.56/0.56
co 1| 064 021 371179 | 101 15 398/1.92 | 063 0.93 1.1/088 | 0.69 0.63 1.15/0.86

3 - 113 3.17/2.84 _ 3.08/2.85 - 0.04 2.68/2.8 _ﬂ

Notes. Linear: TauREX is able to retrieved the mass in a linear boundary range from O to
28.9 Mg. Gaussian: retrieval performed using a gaussian prior for the planetary mass using
the parameter obtained in the linear retrieval as median and standard deviation values.
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B.4.5 M, =24.08M,

TaBLE B.8: Results obtained from the retrieval performed on the simulated spectra of AU Mic as-
suming a planetary mass of 24.08M

AU Mic ¢ - M, = 24.08 M

Nobs =6 Nobs = 18
Param Peiouds Linear Gaussian Linear Gaussian
(bar) Acc. | MAP Acc. Prec. Acc. | MAP Acc. Prec. Acc. MAP Acc. Prec. Acc. | MAP Acc. Prec.
1 1.56 4.92 18.35/12.4 7.64 4.95 13.72/13.53 1.24 3.16 21.12/14.45 6.76 0.59 15.79/16.12
Mass -1 4.34 333 21.47/16.08 4.26 13.35 16.42/15.22 7.14 3.13 23.14/18.07 0.7 6.83 16.68/15.17
-3 3.7 1.59 21.99/14.88 0.31 19.46 13.8/14.59 6.42 35.74 27.06/17.17 3.37 12.38 17.15/17.29
1 0.08 0.07 0.29/0.24 0.1 0.07 0.24/0.25 0.14 0.18 0.65/0.5 0.2 <0.01 0.53/0.43
Radius -1 0.39 0.16 3.56/1.26 0.07 0.03 2.93/1.07 2.04 0.39 4.47/2.25 0.75 0.53 3.12/1.43
-3 1.61 0.54 5.49/2.55 0.67 0.08 5.92/1.96 1.33 1.42 4.82/2.63 1.53 1.5 5.11/3.01
1 5.33 333 21.4/26.35 1.64 1.82 19.97/22.4 13.73 12.26 38.81/48.79 7.02 0.16 34.13/44.49
Temp -1 20.04 5.17 49.18/113.38 | 20.53 20.26 48.15/101.16 9.99 16.04 50.18/134.93 | 9.94 26.13 46.06/103.01
-3 20.25 17.07 54.53/142.39 | 132 24.83 50.28/138.1 14.9 13.24 54.23/115.05 | 38.45 - 57.97/110.46
1 0.24 1.43 1.17/1.14 0.39 0.53 1.21/1.07 0.2 1.82 1.6/1.46 0.07 0.59 1.38/1.37
Petouds -1 1.12 0.68 1.68/1.22 0.94 0.07 1.9/1.47 1.55 1.44/1.56 1.73 <0.01 1.75/1.53
-3 0.85 0.01 1.1/1.48 0.67 0.42 1.28/1.63 0.47 0.57 1.47/1.43 0.49 0.12 1.36/1.73
1 0.34 0.16 2.27/0.94 0.42 0.08 2.4/0.89 1.35 0.23 3.3/2.1 1.87 <0.01 3.38/2.29
H,O -1 1.42 1.21 3.46/2.41 1.64 0.46 3.09/2.48 1.23 2.69/3.49 0.07 2.65/2.96
-3 _ 0.18 2.59/2.58 - 0.46 2.83/2.75 0.99 2.52/3.23 0.99 2.8/3.37
1 0.01 0.12 0.53/0.58 0.07 0.12 0.53/0.59 0.09 0.28 1.16/1.01 0.19 <0.01 1.05/1.06
CH4 -1 0.58 0.84 2.79/1.4 0.55 0.24 2.97/1.24 1.02 1.79 3.26/2.45 0.73 0.3 3.43/2.5
3 _ 0.58 2.12/2.81 - 0.38 234256 1.4 238265 | 0.37 2.28/2.56
1 0.17 0.38 1.07/0.99 0.17 0.11 1.04/1.03 0.42 3.92/2.14 1.07 <0.01 3.75/1.78
CcO -1 1.41 1.7 3.75/2.27 1.65 0.01 3.82/2.5 1.72 2.78/2.92 ‘ 0.6 3.0/3.09
3 _ 1.61 2.64/2.99 - 1.67 2.95/3.0 2.91/2.99 ‘ 0.16 2.56/2.87

Notes. Linear: TauREX is able to retrieved the mass in a linear boundary range from O to
28.9 Mg. Gaussian: retrieval performed using a gaussian prior for the planetary mass using
the parameter obtained in the linear retrieval as median and standard deviation values.
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B.5. HD106315 ¢

B.5 HDIO06315¢c

TaBLE B.9: Results of the retrieval performed on the simulated spectra of HD106315¢

HD106315¢
Param Peiouds oM = 10% oM =20% oM =25%
(bar) Acc MAP Acc. Prec. Acc. MAP Acc. Prec. Acc MAP Acc. Prec.

1 1.72 0.91 6.79/6.98 297 3.35 8.44/9.67 2.92 3.8 8.46/10.24
Mass -1 2.47 14.15 7.96/1.71 5.13 5.15 11.6/12.97 7.0 0.55 12.65/13.93

-3 2.01 422 7.01/6.97 7.14 3.24 12.99/11.71 7.1 24.4 15.81/14.34

1 0.02 0.03 0.34/0.31 0.05 0.02 0.36/0.37 0.07 0.08 0.38/0.38
Radius -1 0.05 0.64 0.94/0.78 0.07 0.26 1.13/0.9 0.15 0.33 1.08/0.86

-3 1.29 3.29 3.47/2.5 1.41 2.9 3.48/2.56 1.65 3.95 3.6/2.3

1 451 2.44 5.48/6.37 5.79 5.88 6.64/7.29 5.57 0.35 6.28/7.73
Temp -1 3.99 9.94 6.92/7.84 5.57 5.57 8.29/8.74 6.2 5.17 8.21/9.46

-3 16.22 8.88 / 13.27 4.01 / 14.33 9.06 /

1 0.41 1.0 /0.99 0.51 1.7 / 0.43 0.72 /
Peiouds -1 0.05 0.05 0.24/0.15 0.05 0.03 0.25/0.16 0.05 0.09 0.23/0.16

-3 0.78 0.71 0.91/ 0.77 0.69 0.92/ 0.8 0.63 0.91/

1 0.02 0.01 0.18/0.17 0.04 0.07 0.18/0.18 0.03 0.01 0.18/0.18
H,O -1 0.06 0.05 0.28/0.31 0.05 0.02 0.27/0.31 0.05 0.03 0.26/0.32

-3 1.45 0.56 3.49/2.45 0.91 0.74 3.51/2.18 1.04 0.52 3.54/2.3

1 <0.01 0.01 0.14/0.14 0.01 0.02 0.14/0.14 <0.01 0.01 0.14/0.14
CHy -1 0.07 0.02 0.22/0.25 0.08 0.01 0.21/0.26 0.09 <0.01 0.21/0.27

-3 0.66 0.57 / 0.31 0.65 2.3/ 0.48 0.49 2.13/

1 0.03 0.06 0.37/0.37 0.04 0.01 0.37/0.35 0.01 0.04 0.37/0.36
co -1 0.11 0.01 0.44/0.49 0.1 0.09 0.46/0.53 0.11 0.03 0.46/0.5

N EEEa EEEEsa | 0 EBEa
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B.6 TOI-451 p

TaBLE B.10: Results of the retrieval performed on the simulated spectra of TOI-451 d

234

TOI-451d
param | Pelouds SM = 30% M = 50% M = 100%
(bar) Acc MAP Acc. Prec. Acc. MAP Acc. Prec. Acc. MAP Acc. Prec.

1 1.18 0.59 8.5/9.44 1.05 1.11 8.57/9.69 1.09 432 9.18/9.77
Mass -1 9.58 291 14.81/15.75 10.74 0.03 17.42/19.18 14.71 6.49 17.05/

-3 7.31 2.92 17.18/16.84 25.0 9.4 18.3/18.57 - 25.11 /

1 <0.01 0.06 0.25/0.25 0.01 0.02 0.24/0.24 0.01 0.18 0.25/0.25
Radius -1 0.31 0.14 0.81/0.71 0.38 0.18 0.96/0.77 0.54 0.42 0.9/0.8

-3 0.71 221 2.07/1.69 0.62 0.43 2.31/1.92 0.71 0.74 2.31/1.71

1 1.08 0.43 6.55/7.18 1.11 0.63 6.59/7.59 1.22 1.29 6.96/7.41
Temp -1 3.09 0.91 8.33/9.1 3.72 3.68 9.24/9.53 5.12 1.7 9.54/10.65

-3 16.65 11.59 / 1.29 14.6 / 10.24 8.49 /56.97

1 0.5 0.02 / 0.44 0.51 / 0.48 1.17 /
Peiouds -1 0.01 0.04 0.13/0.14 0.01 0.01 0.15/0.14 0.02 0.08 0.15/0.16

-3 0.92 0.57 0.98/ 0.81 0.38 0.97/ 1.09 0.25 0.95/

1 0.02 0.03 0.15/0.14 0.02 <0.01 0.15/0.14 0.02 0.02 0.15/0.14
H,O -1 0.02 0.07 0.23/0.24 <0.01 0.05 0.23/0.24 <0.01 0.02 0.23/0.24

-3 1.39 0.58 3.51/2.41 1.68 0.35 3.21/2.62 1.72 0.51 3.34/2.76

1 0.01 0.02 0.11/0.11 0.01 0.01 0.12/0.11 0.01 0.03 0.11/0.11
CH4 -1 0.06 0.01 0.19/0.19 0.05 0.09 0.18/0.2 0.07 0.02 0.19/0.2

-3 0.34 0.51 3.37/ 0.31 0.57 3.08/ 0.32 0.5 3.8/

1 0.04 0.14 0.3/0.32 0.02 0.05 0.31/0.32 0.01 0.02 0.31/0.31
Cco -1 0.06 0.05 0.38/0.4 0.06 0.01 0.38/0.41 0.09 0.1 0.4/0.44

-3 0.63 2.67/3.15




B.7. KOI-94 ¢

B.7 KOI-9%4 c

TaBLE B.11: Results obtained from the retrieval performed on the simulated spectra of KOI-94 ¢
assuming two different value of planetary mass.

KOI-94c
Param | ¥ clouds M, = 8Mg M, = 16My
(bar) [Acc. [ MAP Acc. Prec. Acc. | MAP Acc. Prec.
1 0.67 1.32 5.32/5.65 5.14 2.23 13.84/15.08
Mass -1 1.17 1.88 7.26/7.91 13.17 8.83 17.93/13.55
-3 43.58 0.74 / 7.02 21.7 /17.24
1 0.14 0.01 0.37/0.4 0.06 0.24 0.55/0.51
Radius -1 0.15 0.24 0.95/0.89 0.2 0.4 2.17/1.59
-3 5.27 0.89 4.29/2.71 342 4.24 5.71/3.58
1 0.01 1.69 4.34/4.68 4.67 1.64 11.27/12.21
Temp -1 0.53 0.58 5.03/5.54 6.42 4.54 13.18/15.65
-3 11.15 2.21 14.54/ 29.58 6.71 /53.34
1 0.47 0.44 / 0.46 0.64 /
Piiouds -1 0.02 0.06 0.08/0.08 0.11 0.03 0.5/0.27
-3 0.31 0.21 0.61/0.59 0.73 0.71 /
1 0.01 0.03 0.08/0.07 0.06 0.02 0.21/0.22
H,O -1 0.01 0.01 0.09/0.09 0.1 0.03 0.35/0.48
-3 0.55 0.25 0.7/0.82 1.92 0.66 3.17/2.76
1 0.01 0.01 0.06/0.06 0.02 0.07 0.17/0.17
CHy -1 <0.01 0.01 0.08/0.08 0.15 0.08 0.31/0.45
-3 0.59 0.25 0.71/0.79 1.0 0.72 3.25/2.11
1 0.02 0.05 0.22/0.21 0.17 0.18 0.87/0.64
CO -1 0.01 0.03 0.22/0.22 0.06 0.01 /0.89
-3 1.12 0.71 4.15/ - 0.1 2.77/3.04
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B.8 KEPLER-450B

TaBLE B.12: Results of the retrieval performed on the simulated spectra of Kepler-450b

Kepler-450b
param | Pelouds SM =30% M = 50% M = 60%
(bar) Acc. MAP Acc. Prec. Acc. MAP Acc. Prec. Acc. MAP Acc. Prec.

1 1.05 0.85 5.01/4.8 0.95 2.12 4.72/5.03 1.3 0.3 4.99/4.81
Mass -1 1.42 1.58 7.13/7.97 1.54 2.14 7.4/8.74 1.72 0.49 7.56/8.75

-3 5.17 9.76 14.64/16.99 18.55 28.11 19.32/19.99 28.9 3.38 /

1 <0.01 <0.01 0.02/0.03 <0.01 0.02 0.03/0.02 <0.01 0.03 0.02/0.03
Radius -1 <0.01 0.03 0.03/0.02 <0.01 0.03 0.02/0.02 <0.01 0.02 0.03/0.02

-3 <0.01 0.01 0.02/0.02 <0.01 0.01 0.02/0.02 <0.01 0.01 0.02/0.02

1 1.03 0.77 5.42/5.75 12 2.92 5.2/5.51 1.46 0.25 5.56/5.48
Temp -1 1.52 2.34 7.44/1.8 1.19 1.58 7.3/8.92 1.68 0.63 7.9/8.68

-3 7.66 8.34 18.92/ 0.23 26.26 19.91/ 2.97 7.99 /

1 0.42 125 / 0.42 1.61 / 0.47 0.34 /0.99
Peiouds -1 0.03 0.05 0.08/0.07 0.03 0.03 0.08/0.07 0.03 0.06 0.08/0.07

-3 0.62 0.08 0.78/0.8 0.85 0.05 0.74/0.83 0.94 0.5 0.71/

1 0.02 0.01 0.13/0.12 0.03 0.05 0.12/0.12 0.02 0.01 0.12/0.12
H,O -1 0.01 <0.01 0.17/0.17 0.01 0.03 0.17/0.17 0.01 0.02 0.17/0.16

-3 0.44 0.11 3.32/ 0.28 0.16 3.35/ 0.46 0.44 3.58/

1 0.01 0.01 0.1/0.09 0.01 0.04 0.09/0.09 0.01 0.01 0.09/0.1
CH4 -1 <0.01 0.02 0.12/0.13 <0.01 0.02 0.12/0.13 <0.01 0.01 0.13/0.13

-3 0.43 0.04 / 0.82 0.07 / 0.81 0.67 /

1 0.03 0.05 0.32/0.31 0.03 0.04 0.31/0.31 0.03 0.12 0.34/0.31
Cco -1 0.01 0.06 0.35/0.33 0.01 0.05 0.36/0.34 0.02 0.02 0.34/0.35

T- 1.98 2.75/2.75 - 0.33 2.84/2.93 _@
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B.9. TOI-1728 B

B.9 TOI-1728 B

TaBLE B.13: Results of the retrieval performed on the simulated spectra of TOI-1728 b.

TOI-1728b
Param | Felouds oM = 10% SM =20%
(bar) Acc MAP Acc. Prec. Acc. MAP Acc. Prec.
1 0.65 2.51 6.78/6.65 0.95 0.71 8.84/9.5
Mass -1 1.87 9.0 8.38/7.95 6.35 3.09 13.42/13.1
-3 1.1 3.82 7.46/6.8 3.0 6.39 12.97/13.5
1 0.02 0.02 0.19/0.17 0.01 0.07 0.21/0.2
Radius -1 0.05 0.31 0.56/0.46 0.05 0.03 0.64/0.58
-3 0.51 1.08 2.41/1.717 0.7 0.73 2.19/1.45
1 0.65 2.71 5.64/6.09 0.99 1.45 7.0/6.91
Temp -1 0.43 3.03 7.36/8.81 1.89 2.15 8.27/9.51
-3 17.31 11.91 27.52/34.44 | 24.15 14.23 22.55/41.77
1 0.44 0.34 1.06/1.05 0.44 0.33 1.06/1.07
Pelouds -1 0.06 0.02 0.2/0.14 0.05 0.04 0.23/0.16
-3 0.82 1.05 1.06/1.42 1.08 0.48 0.91/1.22
1 0.01 0.01 0.17/0.18 0.01 0.04 0.18/0.19
H,O -1 0.05 0.02 0.33/0.34 0.06 0.01 0.3/0.37
T- 1.1 2.92/2.84 - 0.77 2.7/2.94
1 <0.01 0.01 0.15/0.13 0.01 0.05 0.15/0.14
CHy -1 0.06 0.03 0.24/0.26 0.08 <0.01 0.23/0.29
-3 1.25 1.33 3.1/2.3 0.97 0.68 3.42/2.29
1 0.01 0.03 0.39/0.4 0.01 0.05 0.38/0.37
(6[0) -1 0.08 0.21 0.48/0.52 0.12 0.04 0.49/0.56
-3 2.86/2.76
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B.10 HATS-37A B

TaBLE B.14: Results of the retrieval performed on the simulated spectra of HATS-37Ab

HATS-37Ab
param | Pelouds oM = 10% M =30% M = 42%
(bar) Acc. MAP Acc. Prec. Acc. MAP Acc. Prec. Acc. MAP Acc. Prec.

1 0.13 0.55 5.76/6.28 0.51 0.53 7.75/9.09 0.6 1.1 8.06/8.63
Mass -1 1.6 1.64 7.29/6.76 4.29 3.52 11.04/12.43 5.08 3.69 12.03/13.62

3 1.08 7.36 6.86/6.29 8.97 2.1 16.53/16.12 16.91 23.21 18.61/17.4

1 0.28 0.33 0.2/0.21 0.04 0.07 0.25/0.25 0.05 0.01 0.25/0.26
Radius -1 <0.01 <0.01 0.64/0.6 0.1 0.01 0.74/0.65 0.11 0.02 0.76/0.73

3 0.04 0.89 1.55/1.7 0.65 1.73 1.86/1.29 0.72 0.1 1.83/1.3

1 0.59 0.02 4.93/5.39 1.57 2.04 6.59/7.02 1.86 1.52 6.39/6.97
Temp -1 2.64 1.22 6.26/7.0 0.98 0.35 7.86/9.36 0.62 4.72 7.91/9.86

-3 13.35 9.94 14.06/19.16 14.35 12.66 17.86/ 6.05 3.31 /

1 0.48 1.24 / 04 1.86 / 0.44 0.3 /
Pelouds -1 0.03 <0.01 0.15/0.12 0.03 0.05 0.15/0.13 0.02 0.06 0.16/0.14

3 0.51 0.28 0.92/0.88 0.75 0.31 0.72/0.97 0.76 0.67 0.83/

1 0.02 0.01 0.11/0.1 0.03 0.04 0.12/0.13 0.02 0.06 0.12/0.12
H,0 -1 <0.01 0.07 0.15/0.18 <0.01 <0.01 0.16/0.17 <0.01 0.07 0.17/0.18

3 0.66 04 3.31/ 0.26 0.18 3.55/ 0.18 0.92 2.89/

1 0.01 0.02 0.09/0.09 0.02 0.03 0.09/0.09 0.01 <0.01 0.1/0.09
CH4 -1 0.01 0.01 0.14/0.15 0.03 0.03 0.15/0.15 0.02 0.09 0.13/0.16

3 0.45 0.3 / 0.81 0.09 / 0.79 0.73 /

1 0.05 0.13 0.35/0.35 0.06 0.05 0.37/0.36 0.05 0.06 0.38/0.35
CO -1 0.01 0.09 0.41/0.4 0.02 0.07 0.4/0.39 0.01 0.26 0.41/0.39

ﬁ 0.08 2.99/2.65 - 0.3 3.04/2.83 - 1.38 3.16/2.6
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B.11. GJ9827 ¢

B.11 GJ9827 c

TaBLE B.15: Results of the retrieval performed on the simulated spectra of GJ9827¢ (Nyps = 11).

GJ9827c
Param i Peiouds oM = 10% oM = 20% oM =25%
(bar) Acc. MAP Acc. Prec. Acc. MAP Acc. Prec. Acc. MAP Acc. Prec.
1 1.14 1.08 5.61/6.33 1.36 2.15 7.34/8.14 1.45 0.46 7.68/8.48
2.3 -1 1.24 1.52 6.41/6.27 2.63 2.41 7.82/8.05 3.1 0.99 8.21/9.46
-3 1.98 522 6.93/7.3 535 2.87 11.44/12.42 6.76 0.48 12.43/12.43
Mass 1 0.11 3.54 8.85/8.39 0.11 6.82 17.15/18.21 7.04 6.5 19.94/18.95
7.6 -1 13 8.59 9.29/8.92 2.59 22.57 17.2/17.06 4.67 28.46 21.55/20.11
-3 0.24 523 8.3/8.59 5.08 7.1 15.56/14.62 4.41 30.01 20.31/19.47
1 0.15 0.33 1.46/1.49 0.1 0.1 1.57/1.41 0.14 0.13 1.57/1.47
23 -1 1.95 0.2 3.0/1.27 2.08 1.36 3.03/1.22 1.93 0.87 2.83/1.33
) -3 0.18 2.03 2.48/2.41 0.39 0.22 2.6/2.28 0.24 3.83 2.61/2.44
Radius 1 0.65 0.28 1.78/1.58 0.42 0.08 1.62/1.48 0.52 0.13 1.55/1.5
7.6 -1 1.57 1.71 1.76/1.21 1.23 1.09 1.71/1.46 1.59 0.66 1.46/1.22
-3 1.08 322 2.55/1.71 0.79 2.72 2.51/1.9 1.01 2.58 2.65/1.78
1 0.21 0.65 1.31/1.17 0.27 0.05 1.31/1.16 0.2 0.19 1.28/1.21
23 -1 0.61 0.02 0.78/2.05 0.61 0.25 0.78/2.17 0.61 0.19 0.76/2.2
-3 0.05 0.23 0.36/0.37 0.07 0.1 0.37/0.38 0.11 0.43 0.37/0.38
Petos i 0.43 131 1.39/1.37 0.5 0.84 10714 | 013 1.26 1.41/1.24
7.6 -1 1.58 1.56/1.53 1.47 0.74 1.52/1.56 1.52 0.36 1.44/1.52
-3 0.05 0.23 1.64/1.35 0.24 0.95 1.57/1.5 0.1 0.17 1.64/1.38
1 0.85 0.23 8.73/8.11 1.36 1.34 9.19/8.6 1.24 228 8.63/8.54
23 -1 7.01 1.9 9.03/10.17 8.07 6.22 8.87/10.89 8.04 2.65 8.97/10.47
-3 20.92 8.07 86.1/20.97 19.02 1.07 83.25/20.48 18.56 9.47 89.25/21.38
0 1 32.64/42.81 6.06 48.13/39.51 33.79/40.78
7.6 | -1 15.65 39.23/39.96 38.5/37.84 431 42.3/34.93
| -3 33.44/40.37 45.76/38.34 35.76/37.43
1 0.03 <0.01 0.24/0.25 0.02 0.03 0.23/0.24 0.02 0.07 0.23/0.25
23 -1 0.15 0.11 0.25/0.37 0.17 0.17 0.24/0.38 0.15 0.16 0.24/0.35
-3 0.07 0.21 0.46/0.45 0.11 0.08 0.5/0.44 0.15 0.35 0.48/0.46
s 1 0.17 0.68 0.97/0.8 0.24 0.25 0.91/0.81 0.15 0.13 1.0/0.82
7.6 -1 0.19 0.58 1.01/0.83 0.33 0.22 1.04/0.95 0.41 0.25 1.02/0.93
-3 - 0.95 3.4/2.48 - 1.05 3.11/3.13 - 0.79 3.88/2.51
1 0.59 1.47 0.23/0.42 0.61 1.71 0.2/0.43 0.61 1.7 0.21/0.44
23 -1 0.77 1.71 0.15/0.55 0.78 1.71 0.14/0.55 0.77 1.71 0.15/0.5
-3 0.57 1.71 0.34/0.95 0.52 1.71 0.39/1.01 0.46 1.7 0.43/1.2
K 1 24.42 82.2/64.26 22.92 81.09/72.91 4421 11.16 79.19/92.39
7.6 -1 29.91 83.44/60.45 80.7/73.98 79.92/72.41
| -3 1.9/766.97 21.25/605.9 | 21.55 61.84/256.18 |
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TaBLE B.16: Results of the retrieval performed on the simulated spectra of GJ9827c, obtained as-
suming twice the number of transits required for Tier-2.

240

GJ9827¢ - Nobs = 22
Param u Peiouds oM = 10% oM =20% oM = 25%
(bar) Acc MAP Acc. Prec. Acc. MAP Acc. Prec. Acc. MAP Acc. Prec.
1 0.37 3.35 9.0/9.17 2.11 23.13 18.16/16.45 3.26 7.39 20.11/21.13
Mass 7.6 -1 0.43 9.37 9.26/8.89 0.87 33.71 16.88/19.13 0.36 14.24 19.71/23.28
-3 1.0 13.23 8.71/7.86 4.74 7.49 16.23/14.72 | 7.57 14.51 17.92/16.44
1 0.46 0.26 1.11/0.95 0.46 0.43 1.15/1.1 0.45 0.27 1.23/1.12
Radius | 7.6 -1 1.56 1.58 1.28/1.09 1.47 0.65 1.17/1.0 1.38 1.39 1.28/1.14
-3 1.27 0.41 2.7/1.69 1.21 1.9 2.12/1.56 1.22 2.05 2.79/1.67
1 0.11 1.96 1.35/1.17 0.08 0.75 1.42/1.21 0.06 0.6 1.38/1.3
Poowas | 7.6 -1 1.63 1.55/1.6 1.46 0.1 1.47/1.61 1.52 1.52/1.49
-3 0.39 1.32 1.42/0.95 0.04 0.69 1.73/1.3 0.15 0.29 1.63/1.23
1 8.0 43.23/37.41 43.56/37.0 4.81 48.58/36.37
H,O 7.6 -1 31.96 36.65/34.16 39.16/38.03 26.82 33.16/33.85
-3 45.92 42.6/39.09 0.47 45.53/38.75
1 0.09 0.39 0.74/0.63 0.8/0.63 0.25 0.76/0.65
CH4 7.6 -1 0.19 0.69 0.81/0.82 0.83/0.74 0.37 0.83/0.76
-3 1.71 3.91/2.06 3.8/2.26 0.07 3.74/2.35
1 17.55 38.12/58.9 40.67/63.91 13.04 41.62/66.39
o 7.6 -1 6.11 43.61/52.45 3.29 44.56/59.37
-3 49.89 2.81/731.07 4.45/728.16 39.75 3.94/751.49




B.12. LTT1445 A B

B.12 LTTI1445 A B

TaBLE B.17: Results of the retrieval performed on the simulated spectra of LTT1445A b Winters
etal. (2019).

LTT1445A b Winters et al. (2019)

Param # Peiouds oM = 30% oM = 50% oM =90%
(bar) Acc MAP Acc. Prec. Acc. MAP Acc. Prec. Acc MAP Acc. Prec.
1 3.01 1.31 7.25/8.5 3.03 0.81 7.37/8.64 33 0.78 7.39/8.59
2.3 -1 5.78 5.25 9.76/11.07 6.91 6.86 10.52/10.85 7.16 3.01 9.91/11.17
-3 10.85 6.16 18.01/17.3 24.38 1.44 19.75/25.05 44.13 13.49 26.01/31.98
Mss 1 3.98 35.55 24.29/25.85 | 20.72 35.83 34.16/35.72 47.34 42.97/30.99
7.6 -1 14 37.1 23.65/26.2 11.14 31.28/35.9 46.93 39.02/47.95
-3 14.43 13.98 22.53/21.23 31.46 7.36 25.43/27.29 33.09 32.33/39.63
1 0.03 0.03 0.44/0.44 0.03 0.06 0.47/0.43 0.02 0.13 0.44/0.45
23 -1 0.44 0.61 1.86/1.19 0.35 0.44 1.93/1.18 0.3 0.03 1.76/1.12
-3 3.07 3.54 4.77/3.34 4.13 3.83 3.85/3.04 5.48 3.88 3.77/2.5
Radius
1 0.23 0.1 0.6/0.46 0.09 0.07 0.79/0.52 0.04 0.01 0.58/0.52
7.6 -1 0.96 0.47 1.43/0.53 0.91 0.44 2.12/0.55 0.82 0.4 2.84/0.6
-3 2.58 2.74 4.25/1.57 1.99 6.54 3.88/2.09 3.31 391 3.78/0.93
1 0.31 1.63 1.19/1.14 0.33 0.49 1.16/1.15 0.33 0.13 1.2/1.14
2.3 -1 0.18 0.13 0.54/0.32 0.16 0.03 0.53/0.33 0.15 0.03 0.5/0.31
-3 0.48 0.76 0.93/0.82 0.5 0.86 0.92/0.77 0.5 0.71 0.79/0.78
Petouds 1 0.09 15 145103 | 012 0.61 155130 | <0.01 1.05 1.35/136
7.6 -1 135 0.11 1.73/1.78 1.08 0.28 1.67/1.91 0.96 0.15 1.78/1.98
-3 0.96 1.13 2.17/2.51 0.74 0.07 1.82/2.21 1.08 - 1.95/2.73
1 0.7 0.07 6.93/6.91 0.6 2.57 6.94/6.85 0.94 2.04 6.38/7.0 |
2.3 -1 5.24 4.43 11.69/18.19 4.84 1.41 12.14/18.06 4.72 1.21 12.18/16.94
-3 16.32 56.67/31.56 21.0 60.77/33.29 22.02 57.57/32.85
S 1 34.7 0.97 78.21/32.43 | 20.12 5.55 84.21/28.82 12.66 80.42/28.78
7.6 -1 21.41 44.87/38.91 20.77 42.88/42.19 6.99 51.52/39.55
3 39.3/37.24 4475 37.56/40.04 4213 38.62/41.09
1 0.02 0.03 0.15/0.18 0.01 0.05 0.16/0.16 0.01 <0.01 0.16/0.16
2.3 -1 0.19 0.02 0.29/0.48 0.2 0.01 0.29/0.47 0.18 0.04 0.29/0.44
-3 0.39 0.72 0.86/0.85 0.3 0.75 0.83/0.89 0.19 0.65 0.93/0.81
i 1 0.09 0.07 0.63/0.63 0.05 0.04 0.61/0.61 0.08 0.02 0.55/0.64
7.6 -1 0.08 0.17 0.76/0.68 0.08 0.01 0.76/0.7 0.05 0.24 0.7/0.71
T- 1.98 3.42/2.3 - 1.23 3.48/2.17 - 0.89 3.55)2.2
1 0.65 0.83 0.15/0.29 0.64 1.71 0.15/0.27 0.63 1.71 0.15/0.28
23 -1 0.31 1.71 0.43/1.82 0.31 1.71 0.42/1.78 0.34 1.55 0.39/1.56
-3 0.87 1.71 0.19/1.24 0.81 1.71 0.24/1.71 0.75 1.71 0.31/1.78
g 1 36.56 23.33 3.56/63.94 0.57 25.07 69.65/109.92 27.14 6.47/309.34
7.6 -1 84.14/55.23 82.5/67.5 3.36 44.33 68.89/172.77
-3 87.25/36.35 86.16/47.68 87.71/32.7
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TaBLE B.18: Results of the retrieval performed on the simulated spectra of LTT1445A b using the set
of parameters from Winters et al. (2019) and Winters et al. (2022), assuming a mass uncertainty of
10%.

LTT1445A b Winters et al. (2019) vs Winters et al. (2022)
Param u Pelouds oM = 10% Winters et al. (2019) oM = 10% Winters et al. (2022)
(bar) Acc. MAP Acc. Prec. Acc. MAP Acc. Prec.
1 1.36 0.61 5.54/6.07 224 0.78 7.61/7.23
2.3 -1 32 3.36 6.99/6.3 343 6.48 7.74/1.51
-3 0.84 23 8.1/7.88 0.48 0.91 7.76/1.55
Mass
1 0.28 1.41 9.36/8.95 0.18 1.59 9.08/8.71
7.6 -1 0.14 13.43 8.99/9.3 1.66 4.56 9.0/8.17
-3 1.26 9.75 8.33/8.57 0.1 7.13 8.98/8.51
1 0.06 0.04 0.44/0.4 0.04 0.14 0.45/0.47
2.3 -1 0.65 0.46 2.1/1.22 0.36 0.44 1.78/1.32
-3 1.96 1.39 4.03/3.54 1.45 0.15 2.89/2.17
Radius
1 0.21 0.1 0.59/0.51 0.16 0.13 0.73/0.51
7.6 -1 1.06 0.57 0.68/0.47 0.73 0.32 1.65/0.52
-3 1.76 1.42 4.62/2.22 1.43 1.93 3.14/1.34
1 0.26 1.02 1.13/1.17 0.33 0.05 1.24/1.08
2.3 -1 0.22 0.11 0.59/0.34 0.2 0.12 0.65/0.54
-3 0.39 0.3 0.86/0.88 0.37 0.02 0.81/0.94
Peiouds
1 0.02 1.73 1.4/1.27 0.33 0.31 1.55/1.42
7.6 -1 1.72 0.25 1.77/1.45 0.97 0.02 1.49/1.94
-3 0.69 0.89 2.02/2.17 0.96 0.81 2.13/1.83
1 0.36 0.49 6.63/6.46 1.16 1.71 11.54/11.23
23 -1 6.57 2.46 12.71/20.7 5.18 6.79 21.38/21.6
-3 4.86 55.14/31.16 43 39.77/37.79
H,O
1 14.97 78.37/32.84 5.7 59.0/38.53
7.6 -1 20.3 42.06/37.45 13.93 32.83/37.6
-3 39.3 33.96/36.54 36.81/35.83
1 0.02 0.04 0.15/0.17 0.01 0.02 0.23/0.26
23 -1 0.2 0.02 0.3/0.53 0.22 0.01 0.42/0.54
-3 0.36 0.26 0.9/0.84 0.41 0.11 1.2/0.92
CH 1 0.13 0.13 0.64/0.63 0.05 0.14 0.81/0.77
7.6 -1 0.09 0.03 0.74/0.67 0.21 0.25 1.11/0.87
T- 1.04 3.07/2.29 0.09 2.64/2.82
1 0.64 1.7 0.14/0.29 0.61 1.71 0.21/0.59
2.3 -1 0.3 1.69 0.43/2.12 0.21 1.7 0.6/2.4
-3 0.85 1.71 0.21/1.28 0.88 1.71 0.2/1.43
K 1 41.38 0.51 37.52/51.22 10.62 80.82/83.21
7.6 -1 42.58/47.18 85.86/47.89
-3 87.58/31.99

242



B.12. LTT1445 A B

TaBLE B.19: Results obtained from the retrieval performed on the simulated spectra of LTTI1445A
b using the Winters et al. (2019) parameters and exploring the parameters space using a gaussian
prior centred at the planetary mass assumed by Winters et al. (2022).

LTT1445A b Winters et al. (2019)

Param | u SM = 10% SM = 30% M = 50%
Acc. MAP Acc. Prec. Acc. MAP Acc. Prec. Acc MAP Acc. Prec.
23 | 19.59 8.91 5.81/7.06 | 10.19 2.12 9.58/10.66 | 8.38 3.03 9.59/10.83
" e R sess || e ro [
23 | 037 0.44 1.39/1.01 0.19 0.02 1.76/1.19 | 0.26 0.03 1.66/1.15
Radius
76 | 079 025 4.44/0.68 0.88 0.04 2.55/0.6 0.64 2.07 3.51/0.72
23 | 106 5.98 5.11/4.35 6.4 2.67 579/641 | 553 0.53 5.97/6.75
R P 10.42 /6296 | 1471 11.53 / 1.7 4.95 /52.61
23 | 007 0.01 0.41/0.34 0.15 0.01 0.5/0.33 0.15 0.03 0.47/0.34
S P 0.12 /2.19 10 0.16 / 0.54 1.03 /2.25
23 | 312 54 1222142 | 498 1.97 12.96/17.36 | 481 3.86 12.31/16.08
0 7- 2268 | s53.64/ - 157 | 5039 - 27.9 54.51/
23 | 024 0.04 0.27/0.36 022 0.05 029/041 | 0.19 0.13 0.27/0.43
M S5 T oo 037 0.71/0.67 0.01 0.17 0.68/0.7 0.05 0.4 0.73/0.68
23 | 029 1.68 0.4/1.16 029 171 043/1.53 | 033 171 0.39/1.46
g 76 | 114 2031 | 73.03/11233 | 21.55 3878 | 75.25/103.39 | 38.04 - 51.55/219.65
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B.13 HIP 41378 B

TaBLE B.20: Outcome of the retrieval performed on the simulated spectra of HIP 41378 b.

HIP 41378 b
Param u Peiouds oM = 30% oM = 50% oM = 100%
(bar) Acc MAP Acc. Prec. Acc. MAP Acc. Prec. Acc MAP Acc. Prec.
1 0.24 2.46 4.4/4.61 0.13 1.04 4.26/4.72 0.24 0.85 4.32/4.52
2.3 -1 0.43 2.86 5.09/4.85 0.42 0.47 4.89/4.77 0.42 0.83 5.2/4.93
-3 5.65 5.75 10.45/11.69 6.87 2.28 11.27/12.35 6.87 2.28 11.27/12.35
Mass 1 435 14.54 22.87/24.21 11.57 23.94 31.59/38.77 43.81/24.11 |
7.6 -1 0.92 23.36 25.17/26.71 9.39 12.61 33.91/39.42 47.89/27.62
-3 11.97 5.0 21.93/19.74 28.41 47.2 28.07/26.23 34.27/29.2
1 0.08 0.04 0.46/0.42 0.08 0.08 0.44/0.4 0.09 0.01 0.45/0.41
2.3 -1 0.7 0.62 2.46/1.14 0.67 0.63 2.5/1.17 0.7 0.5 2.42/1.15
-3 34 232 4.94/3.45 3.52 1.7 4.46/3.43 3.52 1.7 4.46/3.43
Radius
1 0.03 0.15 0.62/0.48 0.08 0.13 0.56/0.46 0.16 0.37 0.54/0.47
7.6 -1 0.66 2.15 0.74/0.49 0.7 0.25 0.58/0.45 0.7 0.45 0.84/0.45
-3 3.13 2.58 6.46/1.21 2.99 2.41 6.33/1.36 225 2.95 5.0/2.15
1 0.16 0.85 1.18/1.24 0.18 0.42 1.2/1.19 0.18 0.92 1.22/1.25
2.3 -1 0.22 0.21 0.68/1.8 0.22 0.2 0.7/1.95 0.22 0.17 0.67/2.06
-3 0.6 0.36 0.87/0.76 0.58 0.28 0.77/0.76 0.58 0.28 0.77/0.76
Peiouds
1 0.17 0.78 1.6/1.49 0.2 1.93 1.43/1.45 <0.01 1.51 1.47/1.32
7.6 -1 1.59 1.45 1.69/1.64 1.79 0.12 1.68/1.42 1.7 0.46 1.76/1.43
-3 15 1.98 1.52/2.44 1.5 1.61 1.5/2.49 1.39 0.9 1.72/2.32
1 0.48 0.02 4.21/4.42 0.45 0.45 4.25/4.24 0.58 2.0 4.28/4.4
2.3 -1 4.17 3.69 7.32/12.24 3.71 1.84 7.78/12.21 3.87 1.48 7.69/12.13
-3 15.54 6.99 16.95/17.65 15.79 5.24 16.29/17.01 15.79 5.24 16.29/17.01
0 1 3.63 65.02/35.82 1.11 63.73/32.84 22.45 9.03 77.82/25.68
7.6 -1 30.47 45.57/36.15 6.2 44.84/34.9 43.33 14.57 69.89/29.14
3 34.8/35.02 42.04 30.94/32.94 - 29.78 30.37/33.89
1 0.01 0.04 0.11/0.11 0.02 <0.01 0.1/0.12 0.01 0.04 0.11/0.11
2.3 -1 0.13 0.07 0.23/0.44 0.13 0.09 0.23/0.46 0.13 0.11 0.23/0.43
-3 0.51 0.29 0.73/0.77 0.5 0.25 0.72/0.7 0.5 0.25 0.72/0.7
i 1 0.2 0.02 0.47/0.48 0.15 0.18 0.47/0.49 0.07 0.18 0.45/0.54
7.6 -1 0.06 1.19 0.53/0.6 0.14 0.22 0.51/0.58 0.34 0.38 0.5/0.68
-3 0.81 1.88 1.08/1.16 1.05 1.69 0.96/1.1 0.8 0.74 1.13/1.15
1 0.66 0.81 0.1/0.17 0.66 1.71 0.09/0.17 0.65 1.63 0.11/0.18
2.3 -1 0.74 1.7 0.16/0.66 0.73 1.7 0.17/0.74 0.73 1.71 0.17/0.68
-3 0.91 1.71 0.15/0.8 0.92 1.71 0.15/0.66 0.92 1.71 0.15/0.66
K 1 19.41 20.17 27.66/38.1 12.87 24.12 35.76/55.02 2.13/196.61
7.6 -1 29.4 25.69 29.14/50.15 17.28 17.68 37.7/62.83 1.74/246.51
-3 10.95 85.47/51.19 2.86/725.35
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B.14. K2-138 6

B.14 K2-138 G

TaBLE B.21: Results of the retrieval performed on the simulated spectra of K2-138 g.

K2-138 ¢
Param | g | Delouds oM = 30% M = 50% M = 121%
(bar) Acc. MAP Acc. Prec. Acc. MAP Acc. Prec. Acc. MAP Acc. Prec.
1 0.57 0.12 5.03/5.97 0.53 1.91 5.31/6.11 0.77 1.59 5.14/5.99
2.3 -1 3.31 1.48 7.04/7.55 3.27 1.06 7.07/7.99 3.66 1.73 7.43/7.88
-3 10.31 8.82 15.57/17.23 18.8 0.3 20.02/21.88 35.29 11.35 21.43/25.66
Miass 1 3.36 15.62 25.16/26.14 19.75 8.75 31.89/36.77 30.64 28.48/22.99
7.6 -1 2.89 3.08 26.35/24.93 12.4 43.1 35.41/38.91 39.78/29.5
-3 13.44 1.61 20.23/20.43 30.83 19.0 25.13/28.21 31.64/37.46
1 0.14 0.06 0.31/0.3 0.13 0.19 0.32/0.31 0.13 0.18 0.32/0.31 |
2.3 -1 0.17 0.06 0.76/0.76 0.2 0.02 0.76/0.75 0.21 0.02 0.77/0.77
-3 1.84 3.38 4.56/3.99 3.21 1.64 5.03/3.73 5.19 33 4.55/2.97
Radius
1 0.1 0.09 0.42/0.36 0.07 0.12 0.49/0.37 0.03 0.04 0.46/0.36
7.6 -1 0.86 0.11 0.5/0.34 0.78 0.49 0.93/0.4 0.52 1.0 2.13/0.55
-3 3.38 3.19 3.99/1.25 34 2.24 4.84/1.26 3.99 1.41 3.78/0.82
1 0.29 0.59 1.22/1.17 0.29 1.1 1.26/1.14 0.26 1.67 1.22/1.15
2.3 -1 0.05 0.01 0.19/0.23 0.06 0.03 0.19/0.2 0.06 0.03 0.19/0.21
-3 0.17 0.38 0.78/0.74 0.26 0.29 0.76/0.74 0.44 0.42 0.71/0.6
Peouds 1 0.06 0.37 1.36/1.26 0.01 1.41 1.37/1.32 0.02 0.14 1.43/1.33
7.6 -1 1.65 0.11 1.63/1.54 1.49 0.14 1.78/1.67 0.68 0.65 1.48/2.2
-3 1.11 1.36 1.57)2.3 1.0 0.02 1.65/2.44 1.35 0.55 1.72/2.71
1 1.14 1.75 4.27/3.74 1.28 1.25 4.15/3.99 1.38 0.06 4.43/3.92
2.3 -1 1.84 0.89 5.86/5.67 2.05 3.2 5.64/5.57 2.11 2.36 5.44/5.63
-3 9.71 7.39 20.49/19.03 11.59 7.21 22.3/19.34 13.51 9.6 22.36/18.26
120 1 18.51 1.31 74.83/22.5 18.95 4.46 83.57/22.92 22.11 3.38 68.95/22.55
7.6 -1 2.03 56.48/35.56 49.67 2.88 65.07/34.56 34.61 21.26 67.54/32.6
-3 44.02/42.06 10.23 40.97/41.87 39.13/39.26
1 0.06 0.07 0.08/0.07 0.06 0.05 0.07/0.07 0.07 0.06 0.07/0.08
23 -1 0.04 0.03 0.1/0.11 0.04 0.07 0.09/0.11 0.04 0.05 0.09/0.11
-3 0.08 0.3 0.67/0.74 0.12 0.25 0.64/0.74 0.17 0.28 0.57/0.65
il 1 0.04 0.17 0.35/0.37 0.01 0.09 0.34/0.35 0.22 0.04 0.3/0.37
7.6 -1 0.18 0.12 0.38/0.4 0.17 0.09 0.42/0.44 <0.01 0.3 0.42/0.56
-3 1.3 0.83 3.84/1.5 1.21 0.64 3.42/1.44 1.37 0.93 3.69/1.51
1 0.7 1.7 0.07/0.1 0.7 1.71 0.06/0.1 0.7 1.71 0.06/0.1
2.3 -1 0.68 1.68 0.09/0.17 0.68 1.71 0.09/0.19 0.68 1.71 0.09/0.17
-3 0.63 1.71 0.37/1.71 0.7 1.71 0.31/1.67 0.74 1.71 0.26/1.12
K 1 14.55 16.83 32.3/54.95 4.93 11.22 42.84/64.55 28.95 0.24/54.06
7.6 -1 5.39 36.5/56.58 37.51 8.84 54.67/78.43 0.94/175.53
-3 87.85/29.78 86.95/39.05 85.99/49.46
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B.15 K2-32p

TaBLE B.22: Results of the retrieval performed on the simulated spectra of K2-32 d.

K2-32d
Param |y | Delouds M = 20% M =30% M = 38%
(bar) Acc. MAP Acc. Prec. Acc. MAP Acc. Prec. Acc. MAP Acc. Prec.
1 0.25 0.22 4.5/4.96 0.24 1.32 4.49/4.78 0.26 0.3 4.34/4.83
2.3 -1 1.7 2.88 5.65/5.51 2.03 1.47 5.32/5.95 1.44 1.12 5.31/5.76
-3 3.29 4.51 9.96/10.32 4.94 0.71 11.45/13.13 5.24 4.73 12.15/13.53
Mass 1 0.67 15.77 15.66/15.86 49 3.48 / 10.02 7.05 /
7.6 -1 0.2 28.07 17.47/17.23 3.77 10.57 / 6.09 9.98 /.
-3 6.04 19.42 14.75/13.84 12.47 12.71 19.9/18.33 22.05 34.96 /
1 0.11 0.16 0.27/0.26 0.12 0.07 0.26/0.26 0.11 0.12 0.27/0.25
2.3 -1 0.14 0.25 0.8/0.66 0.14 0.01 0.79/0.67 0.13 0.22 0.77/0.63
-3 0.27 2.7 2.4/2.0 0.43 0.39 2.56/1.88 0.57 1.14 2.57/1.81
Radius
1 0.05 0.06 0.31/0.31 0.07 0.03 0.32/0.3 0.09 0.09 0.34/0.3
7.6 -1 0.67 0.6 0.34/0.29 0.7 0.7 0.35/0.3 0.65 0.03 0.45/0.31
-3 1.39 2.71 2.67/1.22 1.45 1.67 2.22/1.09 1.18 2.56 2.6/1.33
1 0.27 1.18 / 0.27 0.11 / 0.36 0.2 /
2.3 -1 0.06 0.01 0.24/0.24 0.06 0.01 0.25/0.24 0.05 0.02 0.23/0.24
-3 0.01 0.6 0.5/0.47 0.04 0.07 0.47/0.46 0.02 0.15 0.46/0.47
Fetouts 1 0.05 0.37 / 0.09 0.65 / 0.04 1.46 /
7.6 -1 1.69 0.52 / 1.84 0.52 / 1.64 0.09 /
-3 0.52 1.42 /0.74 0.5 0.93 0.93/0.8 0.56 1.25 0.94/0.8
1 1.29 1.84 3.75/4.05 1.05 1.05 3.85/3.67 1.23 0.58 3.84/3.72
23 -1 2.1 0.5 5.58/6.65 1.89 2.03 5.62/6.26 1.51 0.03 5.74/5.87
-3 2.01 11.56 14.53/14.03 1.27 342 15.1/13.97 1.95 3.92 14.44/13.52
0 1 19.72 6.48 87.17/ 17.96 0.53 79.6/ 21.88 2.39 76.56/
76 -1 24.49 54.28/ 8.03 / 10.41 62.46/
3 38.12 / 29.83 / 2632 /
1 0.05 0.05 0.07/0.07 0.06 0.07 0.07/0.08 0.05 0.04 0.07/0.07
23 -1 0.05 0.03 0.1/0.14 0.04 0.05 0.11/0.13 0.04 0.04 0.11/0.13
-3 0.05 0.52 0.52/0.52 0.1 0.04 0.5/0.47 0.09 0.1 0.55/0.47
e 1 0.02 0.11 0.31/0.35 0.03 0.02 0.32/0.34 0.01 0.04 0.31/0.33
7.6 -1 0.09 0.12 0.36/0.4 0.06 0.3 0.35/0.38 0.08 0.22 0.35/0.41
-3 0.62 0.9 / 0.63 0.62 / 0.79 0.89 /
1 0.7 1.41 0.07/0.11 0.7 1.71 0.06/0.1 0.7 1.71 0.06/0.11
2.3 -1 0.69 1.7 0.1/0.24 0.68 1.71 0.1/0.21 0.68 1.71 0.1/0.23
-3 0.56 1.65 0.37/1.16 0.51 1.71 0.39/1.09 0.51 1.68 0.41/1.15
g 1 14.51 8.16 / 8.55 9.1 / 3.98 11.91 /52.8
76 -1 36.86 9.93 / 35.85 11.65 / 285 12.18 /50.02
-3 27.35 85.48/51.17 34.48 80.5/84.63 11.72 66.09/208.57
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B.

16. K2-3 ¢

B.16 K2-3c¢

TaBLE B.23: Results obtained from the retrieval performed on the simulated spectra of K2-3 c.

K2-3¢
Param | | Pelouds SM = 10% SM =30% M = 40%
(bar) Acc MAP Acc. Prec. Acc. MAP Acc. Prec. Acc MAP Acc. Prec.
1 1.8 0.78 6.81/7.07 3.97 1.38 8.9/10.15 3.83 2.23 9.03/10.08
2.3 -1 3.15 3.95 7.91/7.27 9.96 6.26 12.58/13.09 | 10.82 1.21 13.18/14.32
-3 1.52 0.05 8.1/7.5 12.31 17.7 19.68/17.53 11.77 18.34 19.5/21.6
Mass 1 1.14 7.63 8.84/9.05 9.12 144 23.4/21.25 14.72 8.37 27.97/29.86
7.6 -1 0.1 3.52 8.84/9.68 7.39 3.89 22.46/22.06 | 11.13 17.91 27.5/28.25
-3 2.23 27.82 7.97/7.95 11.36 18.13 21.27/19.8 22.8 48.55 24.22[22.72
1 0.04 0.04 0.3/0.28 0.02 0.04 0.3/0.33 0.01 0.14 0.32/0.31
2.3 -1 0.17 0.18 1.17/0.7 0.03 0.16 1.15/0.85 0.1 0.12 1.09/0.84
-3 1.64 1.74 3.69/3.37 1.94 4.46 4.0/3.24 2.41 2.55 3.45/3.07
Radius
1 0.15 0.08 0.48/0.36 0.12 0.05 0.51/0.39 0.08 0.01 0.54/0.38
7.6 -1 0.83 0.44 0.5/0.32 0.74 0.2 1.75/0.36 0.71 0.24 1.48/0.4
-3 0.66 24 3.07/3.18 0.2 1.65 3.29/2.38 0.85 2.76 4.14/1.97
1 0.29 0.71 1.17/1.15 0.33 1.46 1.16/1.13 0.35 0.06 1.18/1.12
23 -1 0.08 0.05 0.43/0.23 0.06 0.01 0.44/0.27 0.04 0.04 0.39/0.28
-3 0.45 0.53 0.94/0.82 0.36 0.75 1.04/0.89 0.47 0.4 0.94/0.75
Pelouds 1 0.14 1.1 1.4/1.4 0.09 1.75 1.49/1.3 0.14 0.67 1.54/1.35
7.6 -1 1.67 0.39 1.81/1.64 1.25 0.91 1.79/1.75 1.13 0.26 1.62/1.87
-3 0.23 1.06 1.55/1.76 0.7 0.41 1.67/1.29 0.48 0.75 1.58/1.93
1 1.47 1.07 6.75/6.4 1.48 1.45 6.85/6.48 1.75 1.01 6.55/6.78
2.3 -1 2.85 1.01 10.3/14.4 242 0.72 11.2/15.2 1.48 2.31 10.16/13.5
[ 3 11.94 49.18/34.41 44.36/36.76 9.51 54.44/34.85
120 1 0.73 86.12/29.5 82.14/29.74 10.31 80.68/27.99
7.6 | -1 15.75 44.67/40.76 42.66/40.28 10.51 53.54/39.27
[ 3 13.36 37.06/37.6 23.96 32.59/38.4
1 0.06 0.08 0.13/0.15 0.04 0.05 0.14/0.14 0.04 0.04 0.15/0.15
2.3 -1 0.08 0.07 0.21/0.34 0.12 0.07 0.25/0.36 0.1 0.01 0.24/0.33
-3 0.3 0.56 0.87/0.83 0.23 0.6 0.85/0.94 0.26 0.22 0.83/0.83
CHe 1 0.1 0.13 0.58/0.58 0.08 0.03 0.56/0.61 0.06 0.16 0.55/0.58
7.6 -1 0.18 0.01 0.74/0.64 0.15 1.08 0.71/0.64 0.15 0.15 0.69/0.63
T- 0.29 3.03/2.66 0.09 3.23/2.38 - 0.41 3.12/2.86
1 0.68 1.71 0.12/0.24 0.67 1.71 0.13/0.24 0.66 1.69 0.14/0.24
2.3 -1 0.5 1.66 0.26/1.2 0.46 1.71 0.3/1.2 0.48 1.41 0.28/1.0
3 0.79 1.69 0.27/2.47 0.75 1.7 0.3/2.2 0.74 1.71 0.32/2.07
K 1 35.45 9.45 53.79/68.91 23.31 38.94 75.09/87.02 7.34 5.62 71.82/102.32
7.6 | -1 9.36 46.2/33.92 85.69/47.87 11.23 84.7/54.97
| -3 83.82/65.13 85.0/56.01 85.02/56.82
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B.17 TOI-269 B

TaBLE B.24: Results obtained from the retrieval performed on the simulated spectra of TOI-269 b.

TOI-269 b
Param u Peiouds oM = 10% oM = 16%
(bar) Acc. | MAP Acc. Prec. Acc. MAP Acc. Prec.
1 0.63 2.74 5.04/5.91 1.27 0.15 6.1/7.12
23 -1 2.01 0.68 6.27/6.74 3.45 2.12 7.76/8.41
-3 22 6.5 7.93/6.88 4.27 0.17 11.76/11.18
Mass
1 0.27 17.65 9.43/8.77 1.15 2.75 13.93/14.17
7.6 -1 1.12 0.38 9.31/10.42 0.02 7.38 14.82/15.12
-3 1.37 7.82 8.14/8.39 1.34 11.09 12.72/13.92
1 0.1 0.13 0.27/0.24 0.09 0.1 0.28/0.28
23 -1 0.42 0.04 1.61/0.99 0.22 0.01 1.54/0.96
-3 0.83 2.33 2.51/2.27 1.16 0.7 2.52/1.96
Radius
1 0.02 0.02 0.28/0.26 0.04 0.05 0.33/0.25
7.6 -1 0.52 0.2 0.31/0.26 0.5 0.3 0.38/0.27
-3 0.96 1.86 2.67/1.46 1.95 1.4 2.62/0.57
1 0.3 0.64 1.23/1.15 0.26 0.18 1.18/1.14
23 -1 0.18 0.03 0.71/0.46 0.09 0.05 0.7/0.45
-3 0.28 0.7 0.91/0.92 0.33 0.24 0.87/0.85
Peiouds
1 0.04 0.92 1.3/1.23 0.05 1.74 1.4/1.32
7.6 -1 1.74 0.08 1.58/1.49 1.66 043 1.71/1.52
-3 0.54 1.92 1.68/2.33 1.31 0.46 2.01/2.61
1 1.24 0.39 6.98/6.99 1.13 <0.01 7.58/6.97
23 -1 5.94 2.71 15.57/21.57 2.97 2.33 14.98/19.94
-3 46.85 18.9 61.14/31.21 40.22 10.37 67.73/28.31
o 1 36.27 2.76 76.63/32.66 | 39.11 2.07 73.08/33.47
44.77/36.28 2.09 45.92/37.36
44.84/38.45 35.76 37.92/38.17
1 0.05 0.1 0.14/0.16 0.04 0.04 0.14/0.15
23 -1 0.17 0.11 0.32/0.62 0.11 0.01 0.28/0.59
-3 0.23 0.65 0.95/0.87 0.28 0.24 0.86/0.87
e 1 0.12 0.02 0.56/0.54 0.14 0.07 0.54/0.57
7.6 -1 0.05 0.46 0.62/0.67 0.01 0.17 0.6/0.65
3 - 1.18 3.64/1.91 - 0.11 3.87/1.86
1 0.68 1.71 0.12/0.25 0.67 1.71 0.13/0.24
23 -1 0.29 1.71 0.48/2.52 0.46 1.71 0.34/1.96
-3 0.74 1.71 0.33/1.73 0.79 1.71 0.26/1.55
: 1 23.96 10.81 20.23/39.1 | 24.82 3.02 32.9/45.67
7.6 -1 23.73 32.51/49.08 5.55 42.44/51.53
-3 82.93/76.87 72.59/28.19
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APPENDIX C

Additional material for Chapter 5

In this Appendix Equations 5.5 will be derived.

Let us consider a Cartesian orthogonal reference frame having its origin in the
barycentre of the star O and the Z axis along the stellar spin axis. The XY plane is
define in such a way as to contain the line of sight, indicated as z (see Figure C.1).
Indicating the latitude and the longitude of a point P on the surface of the star with

(¢,4), it has the Cartesian coordinate

P=(X,Y,Z) = R.(cos ¢ cos A, cos ¢sin A, sin ¢) (C.1)

where R, is the radius of the star assumed to be spherically symmetric. In our
fixes reference frame, the longitude A is increasing versus the time ¢ because of the

stellar rotation. It changes according to

A=A+ Q.(t—1) (C.2)

where A is the longitude at the initial time ¢y and Q. = 2x/P,,, is the stellar angular

velocity of rotation with P,,, the rotation period.

To obtain the coordinate in the reference frame adopted in this work, we first
make a rotation of the angle i around the Y axis, where i is the inclination of the
stellar spin to the line of sight z. This brings the xy plane in the plane of the sky that
is the same plane of the stellar disc. The equation of such a rotation are

x=Xcosi—Zsini (C.3)
y=Y (C4)
z=Xsini+ Zcosi (C.5)
This gives
x = R.(cos ¢ cos i cos A — sin ¢ sin i) (C.6)
y =R, cos¢sinAd (C.7)
Z = R.(cos ¢ sinicos A + sin ¢ cos i) (C.8)
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APPENDIX C. ADDITIONAL MATERIAL FOR CHAPTER 5

The unit vector along the spin axis of the star in the OXYZ reference frame
isQ, =27 = (0,0,1). Transforming it to the Oxyz reference frame, it becomes
(—sini, 0,cosi). Since the z axis is directed along the line f sight, the projection
of the spin axis onto the plane of the sky xy, that is, the plane of the stellar disc,
is (—sin i, 0). The reference frame adopted in the model to describe the disc of the
star has the x( axis orthogonal to the projection of the spin axis on the plane of the
sky and the y, axis along that projection. This implies that our xy = y and yy = —x
because the projection of the spin axis in the plane of the stellar disc is opposite to
the orientation of our x axis, give that its component along our x axis is —sini < 0
for 0° <i < 180°.

In conclusion, we find

Xo = R.cos¢sin A (C.9
Yo = R.(sin¢sini — cos ¢ cosicos A) (C.10)
\\ Z

Ficure C.1: The OXYZ reference frame with its origin in the barycentre O of the star, the Z along
the stellar spin axis Q.., and the XZ plane oriented as to contain the line of sight Z. The inclination
of the stellar spin axis to the line of sight is indicated with i. The red vector indicate the projection of
the rotation axis over the plan of the sky, that is the plane xy of the reference frame Oxyz, obtained
from OXYZ by making a rotation of the angle i along the Y axis. Note that the projection of the spin
axis onto the xy plane is opposite to the positive direction of the x axis because the angle i is taken
positive (counter-clockwise) from the spin axis to the line of sight.
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APPENDIX D

Additional material for Chapter 6

D.1

Data

TasLE D.1: HARPS and HARPS-N AD Leonis observations.

Dataset HARPS and HARPS-N

ID obs.

Date obs.

ID obs.

Date obs.

S

O 00O W AW —

2006-01-23T05:50:40.777
2006-01-25T05:51:44.132
2006-01-26T06:28:08.689
2006-02-17T05:08:51.940
2006-02-19T05:10:02.902
2006-03-15T03:35:31.947
2006-03-16T03:59:36.755
2006-03-17T03:57:09.285
2006-03-18T03:41:26.807
2006-03-19T03:33:55.815
2006-03-20T03:27:16.811
2006-03-21T01:26:51.761
2006-03-21T02:40:26.046
2006-03-21T05:24:18.323
2006-03-22T00:48:00.516
2006-03-22T03:29:23.648
2006-03-22T05:04:07.360
2006-03-23T00:57:34.300
2006-03-23T03:57:20.767
2006-04-04T02:31:22.549
2006-04-05T00:43:43.084
2006-04-06T03:50:55.581
2006-04-07T03:22:37.338
2006-04-08T02:49:45.071
2006-04-09T02:26:12.065
2006-04-10T03:30:17.109
2006-04-11T02:34:49.554
2006-05-06T02:04:42.614
2006-05-08T01:30:29.280
2006-05-09T00:39:34.279
2006-05-12T00:51:00.460
2006-05-13T00:17:03.541
2006-05-16T01:21:13.214

2018-04-04T22:41:25.606
2018-04-05T22:45:01.749
2018-04-06T21:39:55.987
2018-04-07T22:36:04.836
2018-04-27T23:11:22.072
2018-04-29T21:16:07.356
2018-04-29T21:34:24.920
2018-04-29T22:03:09.306
2018-04-30T00:48:30.207
2018-05-03T21:36:00.027
2018-05-04T21:55:50.636
2018-05-04T23:46:58.038
2018-05-05T23:58:38.798
2018-05-06T21:50:35.356
2018-05-06T23:32:25.529
2018-05-07T22:04:47.710

49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81

82
83
84
85
86
87
88
89
90
91
92
93
94
95
96

2018-05-09T22:32:35.186
2018-05-09T23:47:46.114
2018-05-10T22:27:20.700
2018-05-10T23:39:34.923
2018-05-12T22:05:00.407
2018-05-12T23:45:11.480
2018-05-13T22:25:29.185
2018-05-13T23:56:32.158
2018-05-14T22:30:43.244
2018-05-15T00:01:09.165
2018-05-15T21:11:35.361
2018-05-15T23:30:22.494
2018-05-27T20:59:25.662
2018-05-27T21:24:55.599
2018-05-27T22:56:06.024
2018-05-28T21:03:58.534
2018-05-28T21:23:35.972
2018-05-28T21:34:03.413
2018-05-29T21:15:42.131
2018-05-29T22:53:49.473
2018-05-30T21:28:00.923
2018-05-31T21:28:09.476
2018-06-02T21:17:36.977
2018-06-05T21:26:30.380
2018-06-07T21:24:36.344
2018-06-09T22:22:20.949
2018-11-16T05:57:05.053
2018-11-26T06:04:08.981
2018-11-27T06:04:27.010
2018-11-29T06:21:38.890
2018-12-01T04:07:57.348
2018-12-01T06:07:14.296
2018-12-22T03:05:48.342

2018-12-29T06:11:43.793
2018-12-30T06:45:42.584
2018-12-31T07:03:15.062
2019-01-01T03:32:58.198
2019-01-03T07:08:57.897
2019-01-04T04:39:46.320
2019-01-05T04:41:12.333
2019-01-08T01:19:55.980
2019-01-09T01:22:25.777
2019-01-12T06:01:49.512
2019-01-19T01:13:58.959
2019-01-20T03:38:34.651
2019-01-21T02:30:12.323
2019-01-25T03:28:00.107
2019-01-28T02:08:17.490
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TaBLE D.2: Equivalent width of the analysed activity indicators obtained from HARPS Data 2006

EquivaLent WiptH HARPS Dara 2006

ID Obs. EWio EWng EWcan EWcak EWca EWhera026 EWreraan) EWheissi6 EWnar
(A) (A) (A) (A) (A) (A) (A) (A) (A)
0 340+0.09 343+0.10 10.86 + 0.09 18.92 £ 0.17 12.47 £ 0.08 0.407 £0.004 0.126 £ 0.016  0.059 £0.017 0.36 £ 0.03
1 430+0.10 4.64 +0.09 10.8 £ 0.2 21.04 £0.15 18.11 £ 0.12 0.720 £ 0.012  0.163 £ 0.015 0.102+0.017 0.45+0.03
2 345+0.09 3.60+0.11 10.74 £ 0.04 18.6 £ 0.2 10.91 £ 0.04 0.439+£0.013  0.126 £ 0.017  0.069 +0.018  0.36 + 0.02
3 3.68 £0.09 3.79 +0.08 9.50 £ 0.14 18.27 £ 0.19 12.41 £ 0.11 0.577 £0.014  0.131 £0.011  0.079 £0.018  0.40 £ 0.03
4 327+0.09 324+0.11 11.13 £ 0.06 18.24 £ 0.08 13.76 £ 0.05 0.489 +£0.011  0.103 +£0.015 0.045+0.017 0.33+0.03
5 335+0.09 3.36+0.10 10.25 £ 0.06 16.97 £ 0.09 12.16 £ 0.05 0.446 £ 0.013  0.107 £ 0.015  0.062 +£0.017 0.37 £ 0.02
6 7.07+0.10 7.09+0.12 10.53 £ 0.17 21.2+0.3 13.74 £ 0.14 1.020 £ 0.014 0.20 + 0.02 0.155+0.017 0.58 +0.03
7 439+0.09 4.46+0.09 10.10 £ 0.08 18.27 £ 0.08 13.89 + 0.06 0.659 £0.013  0.157 £0.013  0.100+0.017 0.45+0.03
8 3.84+0.09 4.15+0.10 11.07 £ 0.09 20.6 £ 0.2 12.24 + 0.09 0.661 £0.014  0.129 £ 0.017  0.083 £0.017 0.44 +0.03
9 4.00 £0.09 3.86 +0.08 7.76 = 0.04 16.27 £ 0.07 9.96 + 0.03 0.579 £0.013  0.162+0.014 0.098 +0.017 0.45 +0.03
10 322+0.09 320+0.11 10.22 + 0.08 20.23 +0.18 12.04 + 0.08 0.409 + 0.015 0.14 + 0.02 0.043 £0.018  0.35+0.02
11 350+0.09 343 +0.09 9.34 +0.07 15.65 +0.13 10.70 + 0.06 0.456 +0.014  0.125+0.014 0.052+0.017 0.37 +0.02
12 345+0.10 3.53+0.09 9.61 +0.03 18.20 £ 0.12 10.28 £ 0.03 0491 £0.015 0.125+0.014 0.070 +£0.017  0.40 + 0.03
13 349+0.09 345+0.11 10.56 + 0.04 182+0.3 10.69 + 0.04 0.458 +0.014 0.11 +£0.02 0.058 £0.017  0.40 +0.03
14 379 +0.10 4.03+0.08 9.78 £ 0.15 17.7+0.2 12.50 £ 0.12 0.534 +0.016 0.147 +£0.017 0.083 +0.018 0.44 +0.03
15 347 +0.09 348 +0.10 10.68 + 0.04 18.54 £ 0.10 11.85 + 0.04 0.466 = 0.016 0.11 £0.02 0.047 £0.018  0.37 +£0.03
16 3.53+0.09 3.55+0.11 10.21 £ 0.11 179 £ 0.2 11.78 £ 0.09 0.461 £0.015 0.113 +£0.018  0.060 +£0.018  0.38 +£0.02
17 3.65+0.09 3.80=+0.09 9.89 £ 0.07 18.20 + 0.06 14.14 £ 0.05 0.484 £0.017 0.147 £0.015 0.088 £0.018  0.42 +£0.02
18 4.09 £0.09 4.52+0.09 10.67 £ 0.05 18.29 £ 0.07 13.66 + 0.04 0.695+0.017 0.157 £0.015 0.104 +0.017 0.48 +0.03
19 3.68 £0.09 3.85+0.10 10.33 £ 0.05 17.94 + 0.06 13.51 £0.04 0.541 £0.015 0.142 +£0.019 0.081 £0.017 0.44 +0.03
20 5.14+£0.09 548+0.07 7.97 £ 0.06 152 +0.3 8.27 + 0.06 0914 +£0.016 0.187 £0.012 0.147+£0.017 0.56 £0.03
21 337+0.09 332+0.11 11.69 + 0.05 17.91 £ 0.09 13.23 £ 0.04 0.466 £ 0.013  0.108 +£ 0.012  0.049 £0.017 0.39 +£0.03
22 395+0.09 398+0.11 9.68 +£0.10 16.51 £ 0.10 13.10 £ 0.07 0.560 £ 0.014  0.152 +0.013  0.087 £0.017 0.42 +£0.02
23 338+0.09 3.54+0.10 10.17 £ 0.06 17.60 + 0.08 13.00 + 0.05 0473 £0.013  0.137 £0.019 0.070 £0.018 0.39 £0.03
24 597+0.09 549=+0.11 5.056 + 0.011 14.69 £ 0.14 5.114+0.011 0.611 £0.005 0.243 £0.019 0.199 + 0.019  0.66 + 0.03
25 3.57+0.09 3.66+0.11 10.95 + 0.04 18.1+£0.2 11.17 £ 0.04 0.508 £0.013  0.138 +0.018 0.075+0.018 0.41 +£0.03
26 327+0.09 3.23+0.11 10.78 + 0.06 17.75 £ 0.06 14.25 £ 0.04 0.346 £0.003  0.118 +£0.018 0.056 +0.017 0.38 £0.03
27 337+0.09 341+0.10 9.99 + 0.09 18.29 £ 0.10 13.64 + 0.07 0488 +£0.011  0.141 +£0.014 0.073+£0.018 0.40 +£0.03
28 4.18+£0.09 4.49+0.06 8.20 + 0.10 189 +0.2 9.79 + 0.09 0.709 £ 0.013  0.171 £0.018 0.143 +£0.017 0.56 £ 0.03
29 3.62+0.09 3.80+0.09 10.10 £ 0.11 18.14 £ 0.05 16.51 £ 0.05 0.537£0.012  0.144 £ 0.016  0.068 +0.018 0.41 +£0.03
30 3.59+0.09 3.51+0.07 8.80 + 0.02 15.90 + 0.08 9.44 + 0.02 0.483 £ 0.011 0.15+0.03 0.074 £ 0.017  0.40 + 0.03
31 3.63+0.09 3.77+0.10 10.46 + 0.05 18.6 £ 0.2 10.81 £ 0.05 0.536 £0.012  0.125 +0.016  0.078 £ 0.018  0.43 £ 0.03
32 3.58+0.09 3.75+0.10 10.55 + 0.06 179+ 0.2 11.01 £ 0.06 0.539 +£ 0.012 0.14 £ 0.02 0.074 £ 0.017  0.41 +0.03
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TasLE D.3: Equivalent width of the analysed activity indicators obtained from HARPS-N Data 2018

EquivaLENnT WipTH HARPS-N Data 2018

ID Obs. EWpe EWyp EWcann EWcanx EWcanr EWera026 EWperaam EWnerss6 EWpyar
(A) (A) (A) (A) (A) (A) (A) (A) (A)
33 523+0.10 5.67=+0.15 12.95 + 0.06 20.2+0.3 1329 +£0.06 0.898 +0.013 0.190 +£0.014 0.135+0.017 0.59 £ 0.03
34 4.68+0.09 4.79+0.10 11.77 £ 0.07 20.04 +0.13 13.51+£0.06 0.770 £0.012 0.180 +£0.014 0.110 +£0.017  0.50 + 0.03
35 5.12+0.10 499 +0.06 8.7+0.5 190+ 15 95+04 0.663 + 0.017 0.20 = 0.06 0.20 = 0.02 0.60 = 0.02
36 4.09+0.09 4.10+0.07 8.95 +0.03 15.74 £ 0.15 9.15 +0.03 0.594 +0.012  0.162+0.015 0.100 £ 0.017  0.46 + 0.03
37 432+0.10 4.63+0.09 11.63 £ 0.12 17.10 £ 0.10 14.87 £0.08 0.760 £ 0.011  0.174 £0.014  0.100 +£ 0.017 0.48 + 0.03
38 4.69+0.10 4.99 +0.09 9.76 + 0.06 18.74 £ 0.17 10.79 £ 0.06  0.780 +£0.012  0.197 £0.019  0.130+0.017  0.54 +£0.03
39 447 +0.09 4.74+0.10 10.90 + 0.09 18.71 +£0.18  12.50+0.08 0.730 +0.012  0.179 +£0.013  0.119+0.016  0.50 + 0.03
40 432+0.09 4.63+0.10 11.70 £ 0.05 20.15+£0.10 1354 +£0.05 0.686+0.012 0.182+0.013 0.110+0.017 0.49 +0.03
41 434+0.09 4.49+0.09 10.51 £ 0.11 17.81 +£0.12 14.00+0.08 0.536 £+ 0.008 0.165+0.016 0.100 +£0.017 0.46 + 0.03
42 437+0.10 4.57+0.09 12.53 + 0.08 16.0 0.3 1279 £ 0.08  0.650 £0.013  0.174 £0.018  0.104 £0.017  0.47 +£0.02
43 4.17 +£0.09  4.39 +0.08 9.20 +0.03 16.43 + 0.09 9.93 +0.03 0.452 +0.003  0.165+0.019 0.112+0.018 0.47 £0.03
44 390+0.09 391+0.10 11.40 £ 0.14 164 +£0.2 1295 +0.12 0591 £0.013 0.126 £ 0.017 0.078 £0.017 0.43 + 0.03
45 5.06+0.10 4.53 +£0.06 5.24 +0.05 6.91 +0.08 5.70 £ 0.04 0.726 + 0.013 0.20 £ 0.02 0.144 + 0.016  0.52 +0.03
46 424 +0.09 4.53+0.10 11.39 £ 0.08 1747 +0.13  13.02+0.07 0.686 + 0.012 0.15 +0.02 0.103 +£0.017  0.49 +0.03
47 411+0.10 4.41+0.10 12.27 £ 0.06 17.82 £ 0.15 13.00 £0.06 0.497 £0.004 0.170 +£0.017  0.099 £0.017 0.47 £ 0.03
48 4.06 +0.09 4.24+0.09 12.17 £ 0.05 1828 +0.10 13.46+0.05 0.613+0.013 0.163 £0.014 0.094 £0.017 0.45 +0.03
49 449 +0.09 4.79+0.09 11.02 £ 0.11 16.79 + 0.19 1247 +£0.10  0.790 £0.010  0.182+0.014 0.113+0.016 0.49+0.03
50 496 +0.10 5.19+0.07 8.72 £ 0.03 18.04 + 0.09 9.51 +£0.03 0.899 +0.011  0.228 +£0.015 0.166 £ 0.016  0.56 + 0.03
51 430+0.10 4.63+0.09 10.81 £ 0.10 18.65 £ 0.19 1238 +0.09 0.814+0.011 0.183+£0.018 0.109 £0.017 0.50 +0.03
52 431+0.10 445+0.11 12.25 +0.19 16.3+0.2 13.99 +0.14 0.750 £0.010 0.116 £0.017  0.085+0.018 0.45+0.03
53 397+0.09 4.14+0.08 10.19 £ 0.10 16.6 + 0.2 11.39 +0.09  0.489 +0.006 0.152+0.016 0.091 +0.018 0.47 +0.03
54 3.60+0.10 3.64 +0.09 12.12 £ 0.14 16.97 £ 0.17 1420+0.11 0563 £0.009 0.124 £0.015 0.067 £0.017  0.39 + 0.03
55 5.00+0.10 5.12 +0.06 7.78 £ 0.04 15.83 £ 0.13 8.32 +0.03 0.892 + 0.010 0.203 +0.016  0.156 +0.017  0.59 +0.03
56 495+0.10 545+0.07 991 +0.04 16.8 £ 0.2 10.14 £ 0.04  0.906 = 0.010 0.22 £ 0.02 0.150 £ 0.017  0.57 £ 0.03
57 4.01 £0.09 4.18+0.10 11.71 £ 0.09 1796 £0.14  13.56 +0.08 0471 +£0.004 0.148 £0.013  0.093 £0.017 0.45+0.03
58 3.81+0.10 3.94+0.09 11.6 £0.3 1735+0.12 16.65+0.11 0.610+0.012 0.142+0.013 0.083 +£0.016 0.43 +0.03
59 398+0.09 4.15+0.10 12.01 £ 0.12 1514 £ 0.12  13.54 £0.09 0.621 £0.012 0.136 £+ 0.018 0.077 £0.017  0.45 +0.03
60 380+0.10 3.87+0.10 11.08 + 0.06 13.63 +0.08 12.03+0.05 0.628 +0.011 0.154 +0.014 0.082 +0.018 0.42 +0.03
61 433+0.10 4.54+0.09 9.92 +0.04 16.07 £0.16 1030+ 0.04 0.601 £0.007 0.178 £0.015 0.110+£0.016  0.50 + 0.02
62 4.14+0.09 4.33+0.09 11.34 £ 0.07 17.9+0.3 11.72 £ 0.07  0.659 £0.012 0.153 £0.016  0.099 +0.016  0.48 +0.03
63 3.88+0.09 4.00+0.10 120+0.3 17.01 £ 0.17 1549 £ 0.14  0.606 = 0.012 0.15+0.02 0.080 + 0.017  0.43 +0.03
64 423+0.09 4.17+0.10 10.15 + 0.08 1747 £0.09 13.50 £0.06 0.614+0.011 0.161 £0.015 0.099 +0.017 0.45+0.03
65 413 +0.10 3.93+0.09 9.48 + 0.06 1597 +0.12 10.87+0.05 0.612+0.011 0.161 £0.019 0.096 +£0.017 0.43 +0.03
66 4.15+0.10 3.96 +0.07 8.69 + 0.09 18.1+£0.2 10.03 £ 0.08  0.465+0.004 0.169 £0.018 0.119+0.017 0.47 £0.03
67 422+0.10 439+0.11 13.1+£04 14.06 +0.10  14.00 £ 0.10  0.541 + 0.006 0.19 +0.02 0.109 +0.018  0.51 +0.03
68 420+0.10 4.31+0.10 168 1.9 126 £0.8 13.2+0.7 0.561 + 0.015 0.13 £ 0.05 0.121 £0.019  0.48 £0.03
69 4.09+0.09 4.14+0.09 10.07 + 0.09 18.12 £ 0.11 1331 £0.07 0477 £0.005 0.165+0.018 0.091 £0.017 0.45+0.03
70 481 +0.09 528+0.08 11.25 £ 0.04 18.52 + 0.09 1227 £0.03  0.859 +£0.011 0.201 +£0.014  0.134 +£0.016  0.56 = 0.03
71 3.80+0.09 3.90+0.10 12.03 £ 0.11 1744 +0.16  13.82+0.09 0.591+0.013 0.138+0.017 0.073 +£0.018 0.42+0.03
72 4.00+0.09 4.08 +0.09 9.76 £ 0.03 1712 +0.14 10.16 £0.03 0.642+£0.010 0.150 £0.018 0.099 £ 0.017  0.45 + 0.03
73 459+0.10 4.59+0.07 8.60 + 0.04 14.49 + 0.09 9.71 £ 0.04 0.506 + 0.003  0.187 +0.015 0.119+0.016 0.48 +0.03
74 4.08+0.09 4.33 +0.08 12.31 £ 0.07 19.27 +0.17  1336+0.07 0.686 +0.012 0.155+0.016 0.088 +0.017 0.45+0.03
75 421+0.10 447+0.10 11.93 £ 0.08 19.08 £ 0.17 1326 £ 0.07 0.586 £0.013  0.139 £0.014  0.098 £0.018  0.49 +0.03
76 3.85+0.10 4.01 £0.09 10.60 + 0.04 1786 £ 0.10 11.65+0.04 0.552+0.012 0.175+0.015 0.091 £0.018 0.45 +0.03
77 3.64+£0.10 3.83+0.10 10.75 + 0.06 17.22 + 0.08 1295+ 0.05 0.502+0.013 0.123+0.016 0.075+0.017 0.45+0.03
78 397+0.09 3.77 +£0.06 6.61 +0.07 11.14 £ 0.10 7.99 + 0.06 0.427 +0.011  0.157 £0.014 0.104 £0.016  0.51 +£0.03
79 8.97 £ 0.09 17.6 £ 0.5 1.699 + 0.006 5.60 = 0.08 1.73 £ 0.01 1.066 + 0.006  0.239 + 0.008 0.41 +0.04 1.44 + 0.04
80 7.15+0.11 8.13 £ 0.07 9.71 £ 0.02 19.8+£0.3 9.76 + 0.02 1.467 £ 0.014  0.318 + 0.019 0.27 £ 0.02 0.87 £ 0.04
81 4.19+0.10 4.03+0.10 11.07 £ 0.09 17.09 +£0.09 1398 £0.06 0.547 +0.012 0.144 +0.018 0.075+0.017 0.42+0.03
82 4.09+0.10 4.19+0.07 9.10 £ 0.05 16.43 £ 0.11 10.43 £ 0.05 0.461 £0.003 0.173+£0.019 0.107£0.017 0.48 £0.03
83 349+0.09 357+0.10 10.99 + 0.09 16.84 + 0.09 13.86 £ 0.06  0.509 + 0.013 0.13 £ 0.02 0.060 + 0.018  0.40 = 0.03
84 4.02+0.10 4.29+0.08 10.21 + 0.08 17.41 £ 0.09 1331 £0.06  0.651 £0.012 0.165+0.019 0.107+0.017 0.49+0.03
85 375+0.10 3.97 +£0.09 11.13 £ 0.08 16.16 £ 0.12  12.60 £0.06 0.533 £0.013  0.165+0.018 0.076 £ 0.017 0.45 +0.03
86 396 +0.10 4.21+0.11 11.14 £ 0.11 18.7+0.3 1221 £ 0.11  0.591 £0.013  0.152+0.017  0.096 = 0.018  0.48 +0.03
87 390+0.10 4.05+0.10 11.04 £ 0.10 18.19 +0.10 14.37+0.07 0.555+0.012 0.152+0.016 0.088 +£0.017 0.45 +0.03
88 4.32+0.10 4.79 +0.08 10.81 + 0.04 19.07 £0.10  12.00 £0.04 0.682 +0.014 0.181 +£0.019  0.124 £ 0.018  0.55+0.03
89 417+0.10 434+0.11 12.24 £ 0.07 1737 +0.12  13.68 £0.06 0.668 +£0.013  0.159 £0.019 0.092 +£0.017 0.48 + 0.03
90 395+0.10 4.16 +0.09 12.19 £ 0.11 18.13 £ 0.10 15.37+£0.08 0.599 £0.012 0.169 +£0.018 0.086 + 0.017 0.46 + 0.03
91 393+0.09 3.90+0.06 6.80 = 0.08 12.74 + 0.14 8.42 +0.07 0.573 +£0.012  0.166 £ 0.012  0.099 + 0.016  0.45 +0.03
92 4.63+0.10 4.67 +0.09 10.71 £ 0.18 17.5+0.2 1346 +0.14  0.534+£0.006 0.181 £0.013 0.112+0.017 0.49 +0.03
93 479 +0.10 4.71+0.08 9.88 +0.07 15.69 £ 0.11 11.54 +0.06  0.552 +0.014 0.160 +£0.012 0.095+0.017 0.45+0.03
94 3.84+0.10 4.13+0.08 9.49 + 0.03 15.88 +0.14 9.80 = 0.03 0.582 +0.013 0.153+0.016 0.099 +0.017 0.48 +0.03
95 4.60 +0.09 4.74+£0.10 10.74 £ 0.10 1471 +0.13  1234+0.08 0.693 +0.015 0.166 +0.016 0.115+0.017 0.50 + 0.03
96 376 £0.09 3.87+0.11 11.17 £ 0.13 1624 +0.14 13.39+0.10 0.547+£0.013  0.127£0.017 0.076 £ 0.018  0.42 + 0.03
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APPENDIX D. ADDITIONAL MATERIAL FOR CHAPTER 6

TaBLE D.4: Fluxes of the analysed activity indicators obtained from HARPS Data 2006

Fruxes HARPS Dara 2006

ID Obs. Flxgo FIXHﬁ Flxcauig Flxcarix Flxcarr
(10° erg sTtem™@)  (10° erg shem™?)  (10° erg sThem™@)  (10° erg stem™®)  (10° erg sl em™2)

0 9.24 + 0.19 5.03 + 0.09 4.817 = 0.008 4.905 + 0.009 4.857 = 0.006
1 11.59 £ 0.20 6.84 +0.08 6.580 + 0.016 6.678 + 0.008 6.661 + 0.007
2 9.32+£0.19 5.33+£0.10 5.503 £ 0.007 5.668 +0.012 5.545 + 0.006
3 9.82 +0.19 5.76 +£ 0.08 5.274 £ 0.012 4.941 + 0.008 5.042 +0.007
4 8.79 £ 0.19 478 £0.11 5.163 £ 0.007 5.035 £ 0.007 5.098 + 0.005
5 9.05+0.18 4.89 +0.10 5.876 + 0.009 6.044 + 0.008 5.968 + 0.006
6 18.32 £ 0.18 11.05 £ 0.08 8.742 £ 0.017 8.242 £ 0.014 8.437 £ 0.011
7 11.77 £ 0.18 6.69 + 0.09 6.230 + 0.008 6.183 + 0.007 6.204 + 0.005
8 10.36 £ 0.19 6.31 +£0.09 5.436 + 0.008 5.623 + 0.009 5.518 = 0.006
9 10.79 £ 0.19 6.04 £ 0.08 4.966 + 0.007 5.208 + 0.007 5.089 + 0.005
10 8.72 +0.19 470 £ 0.11 5.828 + 0.008 6.205 + 0.008 6.003 + 0.006
11 9.45 £0.20 5.01 £0.09 5.683 £0.011 5.846 + 0.009 5.781 = 0.007
12 9.34 £ 0.20 5.19 £ 0.09 5.700 + 0.007 5.417 £ 0.008 5.579 + 0.006
13 9.48 £0.19 5.13+£0.10 5.400 + 0.008 5.621 £0.013 5.455 +£0.007
14 10.27 £ 0.20 6.00 + 0.07 5.928 +0.014 6.325 £ 0.013 6.140 £ 0.010
15 9.39 £ 0.20 5.09 £0.10 5.163 £ 0.007 5.010 + 0.007 5.082 + 0.005
16 9.61 £0.18 5.25+£0.10 6.022 £ 0.010 6.027 £0.012 6.024 + 0.008
17 991 +£0.19 5.64 +0.09 6.324 + 0.009 6.603 + 0.007 6.491 + 0.006
18 11.05+0.18 6.78 £ 0.08 6.727 = 0.009 6.550 + 0.007 6.619 = 0.005
19 9.94 +0.18 5.62 +0.09 5.681 + 0.008 5.609 + 0.005 5.627 + 0.004
20 13.73 £0.18 9.09 + 0.05 7.351 £0.014 7.37 £0.02 7.357 £0.012
21 9.09 +0.18 483 +£0.11 4.864 + 0.007 4.972 + 0.007 4.916 + 0.005
22 10.63 £ 0.18 5.89 £0.10 5.597 £ 0.010 5.687 + 0.008 5.649 + 0.006
23 9.16 £0.18 5.15+0.10 4.810 + 0.007 4.826 + 0.005 4.821 = 0.004
24 15.72 £ 0.17 9.99 +0.09 5.718 £ 0.010 5.539 £ 0.011 5.644 + 0.007
25 9.61 £0.19 5.29 £0.10 5.102 £ 0.007 5.007 + 0.009 5.063 = 0.006
26 8.84 +0.18 470 +0.11 4.600 + 0.008 4.755 + 0.003 4.733 + 0.003
27 9.05 £0.19 5.11 £0.09 5.836 + 0.009 5.817 £ 0.006 5.823 £ 0.005
28 11.21 £ 0.18 7.04 +0.05 5.837 £0.013 5.566 + 0.011 5.687 + 0.008
29 9.72 £ 0.19 548 £0.08 5.785 £ 0.012 5.892 +0.005 5.876 + 0.005
30 9.63 +0.18 5.21 £ 0.07 6.186 + 0.008 6.303 + 0.007 6.252 + 0.005
31 9.77 £ 0.19 5.55+0.09 5.635 £ 0.007 5.725 £ 0.012 5.657 = 0.006
32 9.61 £0.18 5.53 £0.09 6.178 + 0.007 6.085 +0.012 6.154 + 0.006
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D.1. Dara

TaBLE D.5: Fluxes of the analysed activity indicators obtained from HARPS Data 2006 (continued))

Fruxes HARPS Dara 2006

ID Obs. FIX fe14026 FlXperaa71 FlXp.15876 Flxnar
10’ erg st em™?)  (10° erg stem™?)  (10° erg slem™2)  (10° erg sThem™2)

0 0.099 + 0.012 0.073 £0.012 0.44 +£0.03 0.131 + 0.003
1 0.133 £ 0.011 0.127 £ 0.014 0.55+0.03 0.2686 + 0.0060
2 0.099 + 0.013 0.086 + 0.013 0.44 +0.03 0.160 + 0.007
3 0.106 + 0.008 0.098 +0.013 0.49 +0.03 0.200 + 0.006
4 0.080 + 0.011 0.055 +0.013 0.41 +0.03 0.171 + 0.006
5 0.082 +0.012 0.077 £ 0.013 0.44 +0.03 0.173 = 0.007
6 0.174 £ 0.019 0.195 +£ 0.018 0.72 £ 0.03 0.415 + 0.007
7 0.126 + 0.009 0.126 £ 0.014 0.55 +0.03 0.250 = 0.007
8 0.102 + 0.012 0.103 £ 0.013 0.53 £ 0.03 0.243 + 0.007
9 0.132 £ 0.011 0.123 £ 0.015 0.55 +0.03 0.215 + 0.007
10 0.113 £0.016 0.053 £ 0.014 0.42 +0.03 0.161 + 0.008
11 0.100 + 0.011 0.065 +0.013 0.45 +0.03 0.169 + 0.007
12 0.099 +0.010 0.088 +0.013 0.48 +0.03 0.183 +0.008
13 0.082 +0.016 0.072 £ 0.013 0.47 +0.03 0.175 + 0.007
14 0.120 £ 0.013 0.104 £ 0.013 0.53 £0.03 0.207 + 0.008
15 0.083 +0.018 0.059 +0.014 0.45 +0.03 0.183 + 0.008
16 0.087 £ 0.014 0.073 £ 0.013 0.46 + 0.03 0.184 + 0.008
17 0.117 £ 0.011 0.110 £ 0.013 0.51 +£0.03 0.195 + 0.009
18 0.130 £ 0.011 0.130 £ 0.014 0.58 £ 0.03 0.267 + 0.008
19 0.114 £ 0.015 0.101 +£0.013 0.53 +£0.03 0.215 = 0.007
20 0.163 + 0.008 0.187 £ 0.019 0.71 £ 0.04 0.375 + 0.007
21 0.079 + 0.008 0.060 + 0.013 0.46 + 0.04 0.177 = 0.007
22 0.121 £ 0.010 0.107 £ 0.013 0.51 +£0.03 0.220 + 0.007
23 0.108 + 0.015 0.087 £ 0.013 0.47 +£0.03 0.179 + 0.007
24 0.217 £ 0.015 0.26 + 0.03 0.82 +0.03 0.222 + 0.003
25 0.113 £ 0.015 0.092 +0.013 0.49 +0.03 0.199 + 0.007
26 0.090 + 0.015 0.069 = 0.013 0.45 +0.03 0.111 +0.003
27 0.115 +0.010 0.091 +0.013 0.48 +0.03 0.176 + 0.006
28 0.141 £ 0.014 0.180 = 0.018 0.68 + 0.03 0.274 + 0.007
29 0.115 +£0.012 0.085 +0.013 0.50 + 0.03 0.195 + 0.007
30 0.129 + 0.021 0.093 +£0.012 0.48 +£0.03 0.180 + 0.006
31 0.102 £ 0.014 0.096 + 0.014 0.51 +£0.03 0.197 + 0.006
32 0.119 £ 0.017 0.092 +0.013 0.49 +0.03 0.199 + 0.007

255



APPENDIX D. ADDITIONAL MATERIAL FOR CHAPTER 6

TaBLE D.6: Fluxes of the analysed activity indicators obtained from HARPS Data 2018

Fruxes HARPS-N Dara 2018

ID Obs. Flx o Flxpg Flxcann Flxcarrx Flxcarr
(10° erg sTtem™?)  (10° erg sTtem™?)  (10° erg sTtem™?)  (10° erg sThem™?) (10 erg s~ em™2)

33 14.04 £ 0.19 8.58 +0.11 5.836 + 0.007 4.717 = 0.009 5.466 = 0.005
34 12.60 = 0.19 7.17 £ 0.08 5.565 + 0.008 5.131 £ 0.007 5.335 +0.005
35 13.78 £ 0.18 8.97 + 0.05 3.62 +0.03 3.03 +0.03 3.324 £ 0.018
36 11.08 £ 0.18 6.15 £ 0.07 4.653 +0.007 4.331 = 0.009 4.533 = 0.006
37 11.7+£0.2 6.84 £ 0.08 4.770 + 0.009 4.224 + 0.007 4.418 + 0.005
38 12.6 £ 0.2 7.48 £0.08 5.609 + 0.008 4.946 + 0.008 5.303 = 0.006
39 12.00 £ 0.18 7.11 + 0.09 5.252 +0.008 5.120 £ 0.009 5.193 + 0.006
40 11.64 +£0.19 6.79 £ 0.08 5.080 + 0.007 4.848 + 0.007 4.952 + 0.005
41 11.71 £ 0.19 6.64 +0.08 4.796 + 0.009 4.535 +0.007 4.644 + 0.006
42 11.77 £ 0.19 6.93 £ 0.09 5.293 + 0.008 3.826 £ 0.011 4.737 £ 0.007
43 11.23 £0.18 6.57 £ 0.08 4.665 + 0.007 4.420 = 0.004 4.490 = 0.004
44 10.53 £ 0.19 5.85 +£0.09 4.428 + 0.009 3.657 £ 0.008 4.005 + 0.006
45 13.57 £ 0.19 7.98 £ 0.05 5.332 £ 0.009 4.146 £ 0.014 4.986 + 0.008
46 11.49 £ 0.19 6.60 + 0.08 5.761 + 0.008 5.004 + 0.006 5.295 + 0.005
47 11.16 £ 0.19 6.49 £+ 0.09 4.523 +0.007 4.135 £ 0.007 4.334 + 0.005
48 11.03 £ 0.19 6.11 £0.08 4.708 + 0.007 4.573 £ 0.007 4.638 = 0.005
49 12.10 + 0.19 7.04 £0.08 5.000 + 0.009 4.816 £ 0.010 4.921 +0.007
50 13.33 £0.19 8.14 + 0.05 5.781 + 0.008 5.339 + 0.007 5.549 + 0.005
51 11.6 £ 0.2 6.91 £0.08 5.173 £ 0.008 4.667 + 0.009 4.950 + 0.006
52 11.6 £ 0.2 6.38 £0.10 5412 £0.013 5.525 £0.012 5.475 = 0.009
53 10.71 £ 0.19 6.01 £0.07 5.151 £ 0.008 5.003 + 0.008 5.076 + 0.006
54 9.8 +0.2 5.24 £0.08 4.334 + 0.009 4.203 + 0.008 4.258 + 0.006
55 13.39 £ 0.19 8.12 + 0.06 5.012 + 0.007 4.416 = 0.008 4.782 + 0.005
56 13.26 £ 0.19 8.07 + 0.05 6.108 + 0.009 5.755 £0.012 5.984 + 0.007
57 10.87 £ 0.19 6.07 £ 0.09 4.737 + 0.008 4.686 = 0.007 4.710 = 0.005
58 10.3+£0.2 5.69 £+ 0.08 4.910 + 0.016 4.721 = 0.007 4.753 + 0.006
59 10.78 £ 0.19 5.99 +0.09 4.964 + 0.009 4.660 = 0.006 4.759 + 0.005
60 10.2+£0.2 5.55 £0.09 4.335 + 0.007 5.270 £ 0.009 4.710 = 0.006
61 11.62 £ 0.19 6.73 £ 0.08 4.457 +0.008 4.222 +0.009 4.364 + 0.006
62 11.19 £ 0.19 6.30 + 0.08 5.628 + 0.009 5.189 £ 0.011 5.461 + 0.007
63 10.49 £ 0.19 5.68 £ 0.09 5.318 £ 0.013 4.849 + 0.009 4.996 + 0.007
64 11.45 +0.19 6.19 £ 0.09 4.398 + 0.008 4.189 = 0.007 4.274 + 0.005
65 11.22 £ 0.19 591 +£0.09 4.820 + 0.009 4.297 + 0.008 4.529 + 0.006
66 11.2+£0.2 6.19 £ 0.07 4.405 + 0.009 4.332 + 0.009 4.371 = 0.006
67 114+£0.2 6.77 £ 0.10 5.852 £ 0.018 5.921 + 0.007 5.912 £ 0.007
68 114+£0.2 6.08 +0.08 8.21 £ 0.07 6.47 £ 0.05 7.05 £ 0.04

69 11.04 £ 0.19 6.12 £ 0.09 4.431 + 0.009 4.069 + 0.007 4.203 + 0.005
70 12.91 £0.19 7.93 £0.07 5.395 + 0.007 5.125 £ 0.007 5.270 = 0.005
71 10.34 £ 0.19 5.57 £ 0.09 4.596 + 0.009 4.078 + 0.007 4.280 + 0.006
72 10.86 £ 0.19 6.02 £ 0.08 4.463 + 0.007 4.316 + 0.008 4.400 = 0.005
73 12.36 £ 0.19 6.86 + 0.06 5.155 £ 0.007 5.021 + 0.009 5.104 = 0.005
74 11.06 £ 0.18 6.35 £ 0.07 5.011 £ 0.008 4.849 + 0.008 4.939 + 0.006
75 114+£0.2 6.57 £ 0.09 4.625 + 0.007 4.731 = 0.008 4.675 = 0.005
76 10.39 £ 0.19 5.75 £0.08 4.507 + 0.007 4.116 + 0.003 4.173 +£ 0.003
77 99+02 5.58 +£0.09 4.521 +0.007 4.511 = 0.007 4.516 = 0.005
78 10.79 £ 0.19 6.09 + 0.06 3.491 + 0.009 2.742 £ 0.009 3.082 + 0.006
79 23.86 £ 0.15 289 +04 2.655 +£0.011 2.387 £0.013 2.551 = 0.008
80 18.8 £0.2 13.20 £ 0.04 7.705 £+ 0.007 7.146 £ 0.016 7.610 = 0.007
81 11.5+0.2 5.81 £0.09 4.520 + 0.008 3.928 + 0.007 4.164 + 0.005
82 11.1£0.2 6.31 £0.06 4.327 + 0.008 3.641 + 0.007 3.943 + 0.005
83 95+02 5.06 £0.10 3.846 + 0.007 3.725 £ 0.005 3.758 + 0.004
84 109 £0.2 6.32 £ 0.07 4.705 + 0.009 3.985 + 0.006 4.239 + 0.005
85 102+ 0.2 5.74 + 0.09 4.701 + 0.008 4.483 + 0.007 4.572 + 0.005
86 10.8 £0.2 6.15+0.10 4.547 +0.010 4.278 £ 0.010 4421 +0.007
87 10.6 £ 0.2 5.88 +£0.09 4.450 + 0.008 4.137 = 0.007 4.279 + 0.005
88 11.7+£0.2 7.02 £0.07 4.910 + 0.007 4.622 + 0.007 4.770 = 0.005
89 11.3+£0.2 6.25 +0.10 5.371 £ 0.007 4.734 + 0.008 5.081 + 0.005
90 10.7£0.2 5.99 £ 0.08 4.685 + 0.009 4.028 + 0.005 4.168 + 0.004
91 10.6 £ 0.2 6.16 + 0.06 3.986 +0.011 3.618 + 0.009 3.777 £ 0.007
92 125+ 0.2 6.92 + 0.08 5.339 £ 0.015 4.439 + 0.009 4.692 + 0.008
93 12.8 £0.2 6.99 + 0.07 4.454 +0.008 3.722 + 0.007 4.034 = 0.005
94 10.5+0.2 6.18 £ 0.08 4.439 + 0.007 3.842 + 0.008 4.198 + 0.005
95 12.36 £ 0.18 7.02 £ 0.09 5.186 + 0.011 3.982 + 0.008 4.383 + 0.006
96 102 +£0.2 5.57 £0.10 4.569 + 0.009 4.399 + 0.008 4.479 £+ 0.006
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D.1. Dara

TasLE D.7: Fluxes of the analysed activity indicators obtained from HARPS Data 2018 (continued)

Fruxes HARPS-N Dara 2018

ID Obs. Flxgera026 Flxperaam Flxpgerss76 Flxyar
10° erg sTtem™?)  (10° erg sTtem™?)  (10° erg sThem™?)  (10° erg s~ em™?)

33 0.162 + 0.011 0.169 + 0.016 0.71 £ 0.03 0.343 + 0.006
34 0.149 + 0.010 0.135 £ 0.014 0.60 = 0.03 0.292 + 0.006
35 0.20 = 0.05 0.26 + 0.03 0.73 £ 0.02 0.220 + 0.004
36 0.135 £ 0.012 0.126 £ 0.014 0.56 + 0.03 0.226 + 0.006
37 0.143 £ 0.010 0.122 £ 0.014 0.59 +£0.03 0.280 + 0.006
38 0.175 £ 0.016 0.163 £ 0.016 0.66 + 0.03 0.284 + 0.006
39 0.150 £ 0.010 0.147 £ 0.015 0.62 +0.03 0.268 + 0.006
40 0.149 + 0.010 0.136 £ 0.014 0.60 + 0.03 0.259 + 0.006
41 0.135 +0.013 0.124 £ 0.014 0.56 = 0.03 0.162 + 0.003
42 0.148 £ 0.013 0.131 £0.014 0.57 £ 0.03 0.249 + 0.007
43 0.137 £ 0.016 0.140 £ 0.016 0.57 £ 0.03 0.154 + 0.003
44 0.092 +0.010 0.098 + 0.013 0.52 +£0.03 0.211 + 0.006
45 0.158 £ 0.013 0.186 + 0.017 0.66 + 0.03 0.271 + 0.006
46 0.134 £ 0.017 0.128 £ 0.014 0.59 +£0.03 0.258 + 0.006
47 0.142 + 0.012 0.124 + 0.015 0.58 £ 0.03 0.171 + 0.003
48 0.130 £ 0.010 0.115 +£0.013 0.54 +£0.03 0.223 + 0.006
49 0.150 £ 0.010 0.140 £ 0.014 0.60 + 0.03 0.277 + 0.006
50 0.204 £ 0.012 0.208 £ 0.019 0.69 = 0.03 0.323 + 0.006
51 0.150 £ 0.014 0.135 £ 0.015 0.60 + 0.03 0.285 + 0.006
52 0.090 + 0.013 0.105 + 0.013 0.54 +0.03 0.261 + 0.006
53 0.130 £ 0.012 0.111 +£0.013 0.56 = 0.03 0.156 + 0.003
54 0.100 + 0.012 0.082 +0.012 0.48 +0.03 0.196 + 0.006
55 0.174 £ 0.012 0.196 + 0.019 0.73 £ 0.03 0.339 + 0.006
56 0.182 +0.015 0.188 +£0.018 0.70 £ 0.03 0.338 + 0.006
57 0.121 + 0.009 0.113 £0.013 0.54 £ 0.03 0.153 + 0.003
58 0.117 + 0.009 0.103 £ 0.012 0.52 +0.03 0.217 + 0.006
59 0.109 + 0.014 0.094 +0.012 0.54 +£0.03 0.226 + 0.006
60 0.120 + 0.006 0.101 +£0.013 0.51 +£0.03 0.219 + 0.006
61 0.143 + 0.011 0.135 £ 0.013 0.61 +0.03 0.180 + 0.002
62 0.123 £ 0.012 0.123 £ 0.015 0.58 £ 0.03 0.238 + 0.006
63 0.119 £ 0.017 0.099 +0.012 0.52 +0.03 0.213 + 0.006
64 0.131 £ 0.011 0.122 £ 0.013 0.54 +£0.03 0.227 + 0.006
65 0.138 £ 0.016 0.121 £ 0.014 0.52 +0.03 0.222 + 0.006
66 0.139 £ 0.014 0.149 + 0.015 0.56 = 0.03 0.156 + 0.003
67 0.175 £ 0.012 0.138 £ 0.014 0.61 +0.03 0.173 + 0.003
68 0.08 +0.02 0.140 £ 0.014 0.57 £ 0.03 0.232 + 0.008
69 0.136 £ 0.015 0.113 £0.013 0.55+0.03 0.154 + 0.003
70 0.172 £ 0.011 0.167 £ 0.016 0.68 + 0.03 0.309 + 0.006
71 0.114 £ 0.014 0.091 +0.013 0.50 = 0.03 0.214 + 0.006
72 0.121 £ 0.014 0.122 £ 0.014 0.54 +0.03 0.225 + 0.006
73 0.162 £ 0.012 0.148 £ 0.015 0.59 +£0.03 0.173 + 0.003
74 0.129 + 0.013 0.108 + 0.013 0.54 +0.03 0.242 + 0.006
75 0.109 + 0.009 0.119 £ 0.014 0.59 +0.03 0.227 + 0.007
76 0.142 £ 0.011 0.113 £0.014 0.55+0.03 0.201 + 0.006
71 0.099 + 0.014 0.093 +£0.013 0.54 + 0.04 0.192 + 0.007
78 0.124 £ 0.010 0.130 £ 0.014 0.62 +0.03 0.208 + 0.006
79 0.207 + 0.007 0.57 £ 0.06 2.01 +£0.03 0.713 + 0.006
80 0.282 +0.014 0.34 +0.03 1.09 = 0.03 0.615 = 0.006
81 0.116 £ 0.014 0.093 +£0.013 0.50 = 0.03 0.196 + 0.007
82 0.142 + 0.015 0.132 £ 0.014 0.58 £ 0.03 0.152 + 0.003
83 0.101 £ 0.016 0.072 £ 0.013 0.48 +0.03 0.182 + 0.007
84 0.134 + 0.015 0.133 £ 0.014 0.59 +0.03 0.237 + 0.006
85 0.134 £ 0.014 0.094 +0.012 0.53 +£0.03 0.198 + 0.007
86 0.123 +0.013 0.117 £ 0.013 0.58 £ 0.03 0.219 + 0.007
87 0.121 £ 0.012 0.107 £ 0.013 0.54 +£0.03 0.205 = 0.007
88 0.147 £ 0.015 0.155 +£0.015 0.66 + 0.03 0.255 + 0.007
89 0.131 £ 0.015 0.112 £ 0.012 0.57 £ 0.03 0.246 + 0.007
90 0.135+0.014 0.105 +£ 0.012 0.56 + 0.03 0.222 + 0.006
91 0.136 + 0.008 0.127 £ 0.013 0.56 +0.03 0.208 + 0.006
92 0.158 £ 0.010 0.142 £ 0.014 0.61 +0.03 0.177 + 0.003
93 0.132 + 0.008 0.118 £ 0.012 0.55 +0.03 0.211 + 0.007
94 0.121 £ 0.013 0.123 £ 0.014 0.58 £ 0.03 0.224 + 0.007
95 0.141 £ 0.011 0.144 + 0.013 0.62 +0.03 0.258 + 0.007
96 0.098 + 0.013 0.095 +0.013 0.51 £0.03 0.200 + 0.007
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