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Abstract: Substellar objects (giants planets and brown dwarfs) are objects not
massive enough to sustain hydrogen fusion as stars do. These two groups have
many similar properties; hence, the best way to characterise and distinguish them
is intensively discussed. One can argue that the current definition based on the
mass is not fundamental as it does not include objects in the phase of accret-
ing mass, which can end up either as giant planets or brown dwarfs. Hence,
the formation process can be a better approach to distinguishing giant planets
from brown dwarfs. However, because of the difficulty in observationally deter-
mining the formation history of individual substellar companions to stars, such
a definition is very difficult to put into practice. The presented study discusses
transiting substellar objects as especially suitable objects to study their forma-
tion and evolution history. It presents techniques which can be used to study the
formation and evolution of these objects, focusing primarily on the tidal interac-
tions between substellar objects and host stars, and discusses that the precision
of stellar parameters such as mass, radius and age play a crucial role. Tidal inter-
actions are then studied for two specific systems of a transiting brown dwarf and
Saturn-mass planet. Finally, to understand the formation and evolution of these
systems, one must also understand the effect of other bodies. Planetary systems
can be significantly affected by wide companions through different processes. The
work compares the parameter distributions of known planets around single stars
to that with a wide stellar and substellar companion to search for possible pecu-
liarities in their parameter distributions. So far, planets in systems with a wide
brown dwarf companion appear to follow their own eccentricity distribution with
a maximum at ~ 0.65 and usually have periods larger than 40 days and masses
larger than 0.1 mass of Jupiter.
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Background

Substellar objects (SSOs) are not massive enough to sustain hydrogen fusion as
stars do. In this work, we recognise SSOs as the merged groups of brown dwarfs
(BDs) and extrasolar giant planets (EGPs). These two groups have many similar
properties (Burrows et al., 2001), such as:

o Their atmospheres are predominantly molecular.

e They have similar radii caused by the electron degeneracy pressure in the
interior.

e Thermonuclear processes do not dominate their evolution.
e They cool off in time.

o They share the same trend in the mass-density diagram (Hatzes and Rauer,
2015).

Hence, the best way to characterise and distinguish both groups of objects is
intensively debated. One can argue that the definition based only on the mass
is not fundamental as it does not include objects in the phase of accreting mass,
which can end up either as EGPs or BDs. Burrows et al.| (2001) proposed to use
the formation process to distinguish giant planets from BDs. As such definition
would be defined for objects of all ages, this idea was recognised and further dis-
cussed (e.g., [Schneider et al.; 2011; [Wright et al., |2011; Chabrier et al.; 2014)). In
this case, the two processes are formation via core accretion in a protoplanetary
disk (the way giant planets are thought to form) and formation by gravitational
instability, which is how stars are thought to typically form. However, such a
definition would not be consistent with the original one as we would observe an
overlap in the mass distributions. Some objects with only a few masses of Jupiter
(M) that formed like stars by the gravitational collapse of interstellar material
would be considered BDs (Padoan and Nordlund}, [2004; Hennebelle and Chabrier,
2008). On the other hand, objects with tens M, that formed via core accretion
in protoplanetary discs would be considered planets. Because of the difficulty in
observationally determining the formation history of individual substellar com-
panions to stars, such a definition is very difficult to put into practice.
Transiting SSOs are especially suitable for studying their formation and evolu-
tion history. They enable us to measure their mass, radius and age, which are key
parameters to study the internal composition of these objects and compare it with
model predictions. These properties can be linked through the interior structure
models to the formation history as SSOs formed by core accretion are believed
to contain more heavy elements (Baraffe et al., 2010). Furthermore, many dis-
covered transiting SSOs have orbital periods of the order of days. For such close
orbits, tides are strong and significantly affect orbital parameters. SSOs can form
via core accretion in the protoplanetary disc behind the snow line at large separa-
tions from their host stars and then migrate inwards through interaction with the
disc (Coleman et al., 2017). After such migration, the tidal interactions with the
host star play a significant role and circularise the orbit on timescales that can



be calculated (Jackson et al., [2008). Comparing the orbital eccentricity, circular-
isation timescale and age of the system provides implications for how the SSOs
may have formed. For example, if we observe SSOs on a close circular orbit and
the circularisation timescale is larger than the age of the system, we assume that
the object formed in situ at its current distance from the star. To be able to com-
pare the tidal timescales with stellar ages, we assume that migration occurs very
early in the lifetime of systems (Trilling et al., 1998; Murray et al., [1998; |Suarez
Mascareno et al. 2021). The tidal interaction between a close-in companion and
its host star also transfers angular momentum from the companion’s orbit to the
star’s rotation and hence changes the properties of the star. For example, these
can be linked with the Am phenomenon for A-type stars, as we will discuss later.

Transiting SSOs also provide a unique opportunity to study their atmospheres
via transit and eclipse observations. The study of atmospheres can uncover the
formation history, which leaves a footprint on the atmospheric composition re-
sulting in numerous potential outcomes of element abundance ratios. Various
studies focus on understanding the role of the snowline on the carbon to oxygen
ratios in hot Jupiters (e.g., Oberg et all, [2011; [Piso et al. [2015; |Ali-Diby, 2017).
Objects formed inside the water ice line are expected to have a similar C/O ratio
to that of a star. Objects formed beyond the water ice line but inside the CO, ice
line where gas is carbon-rich but oxygen-poor are expected to have a super-stellar
C/O ratio. Object farther away from host stars between the COs ice line and
CO ice line, where even more oxygen condense compared to carbon, have further
enhanced the C/O ratio. Finally, objects formed through gravitational instability
are also expected to have the stellar C/O ratio as all material is mixed. C/O ratio
of several exoplanets was studied and reported (e.g., Madhusudhan et al., 2011;
Line et al., 2021). Madhusudhan et al.|(2011) found a super-stellar C/O ratio for
WASP-12b, which can be explained by gas accretion between the water and CO
ice lines. [Line et al. (2021)) found sub-stellar/solar abundances of C and O and a
~solar C/O ratio for WASP-77Ab. Hence, the possible formation scenario could
be that the core accreted its atmosphere inside the water ice line. Many planets
with measured C/O ratios would shred more light to the formation of SSOs.

A large sample with well-characterised systems is needed to obtain a deep
insight into the formation and evolution of SSOs. Here space-based photometric
survey missions play a crucial role in characterising transiting SSOs. This was
shown by discoveries from the CoRoT mission (Auvergne et al.,[2009)) and the Ke-
pler /K2 missions (Borucki et al., 2010, and currently, all discoveries are from the
TESS mission (Ricker et al., 2015). TESS has become an invaluable resource in
delivering new transiting SSOs. However, in contrast to previous missions, TESS
has the advantage of observing many bright stars making new candidates more
accessible to spectroscopic follow-up. Given that SSOs produce relatively deep
transits around the main-sequence stars and relatively large RV signals, they can
be easily studied with moderate-precision RV campaigns. Available space mis-
sion photometry, spectroscopic follow-up observations and Gaia astrometric data
(Gaia Collaboration et al., 2018, 2021)) create synergy in characterising transiting
SSOs.

As was mentioned before, the precise measurement of the mass, radius and age
of SSOs is crucial to revealing their formation and evolution. However, the preci-
sion of these key parameters is limited by our knowledge of the same properties



for the host star, especially the age. Tremendous effort has been made to precisely
constrain stellar parameters. Such efforts include space-based missions to measure
the distance to stars through their parallax, directly observing the stellar angular
diameter through interferometry, analysing high-precision space-based photome-
try for asteroseismic signals, analysing high-resolution spectra through equivalent
width calculations, spectral synthesis, or other techniques, or by comparing the
shape of the spectral energy distribution (SED) from different photometric obser-
vations to those of synthetic stellar atmospheric models. Furthermore, estimating
a precise age for an isolated field star is one of the most challenging tasks in as-
tronomy (e.g.,|[Soderblom) 2010). The available methods include stellar isochrone
fitting, gyrochronology analysis, R}, index, lithium equivalent width (EW7,;),
X-ray luminosity, or membership in young associations.

Finally, to understand the formation and evolution of these systems, one
needs to understand the effect of other bodies on the transiting SSOs. Planets
can be significantly affected by wide companions through different processes,
such as gravitational instability, accretion, velocities of colliding planetesimals,
dissipation, or Lidov-Kozai effects (e.g., [Boss, [2006; Nelson, [2003; [Moriwaki and
Nakagawal 2004). If we look at multiple stellar systems with planets, possible
peculiarities in parameter distributions of inner planets were searched by many
teams (e.g., Eggenberger et al., 2004; Desidera and Barbieri, 2007; Fontanive and
Bardalez Gagliuth] 2021). To highligh some results, Eggenberger et al.| (2004));
Desidera and Barbieri (2007)); Fontanive and Bardalez Gagliuffi (2021]) observed
that the most massive short-period planets are found primarily in systems of tight
binaries, or [Fontanive and Bardalez Gagliuffi (2021) found that more massive
planet-host stars are more often in multi-stellar systems, and that the mass of
the stellar companions has no significant effect on planetary properties.



Aims

The aim of this thesis is the detection and characterisation of transiting BDs
and EGPs. We use various techniques to determine stellar mass, radius and age,
which are crucial to derive the parameters of a companion and discuss its for-
mation and evolution. Furthermore, we can study tidal interactions between the
companion and the host star for each system, which provide additional meth-
ods to constrain the formation. Ultimately, this research will have the greatest
impact on understanding the formation mechanisms of SSOs with the characteri-
sation of more systems like these. Once the TESS mission started operations, we
observed a rapid growth of transiting SSOs beyond our expectations which radii
and often also masses are measured with great precision. With such data, we can
expect to better understand the formation and evolution of individual SSOs in
the upcoming years. However, as many stars are part of multi-stellar systems, it
is also important to understand interactions between wide companions and inner
planets, which can cause peculiarities in their parameter distributions. The study
of such peculiarities is another aim of this thesis.

Chapter 1 presents the current knowledge on BDs and EGPs, followed by a
description of various techniques that can be used to precisely determine stellar
parameters. Chapter 2 presents an introduction to the theory of tidal interactions.
Chapters 3 — 5 present three papers which I led as part of several international
collaborations. Specifically, chapter 3 presents the discovery of the first transit-
ing BD from the TESS space mission (Subjak et all 2020). We showed that
the host star is a metallic-line A-type star, an Am star, which makes TOI-503b
the first brown dwarf found around such a stellar type. This work also discusses
tidal interactions between a brown dwarf and a host star and uses brown dwarf
parameters to test substellar evolution models. These are the results of a global
collaboration among the KESPRINT consortium, Harvard University and Physi-
cal Research Laboratory, India. Chapter 4 presents the discovery of the youngest
transiting Saturn-mass planet (éubjak et al., 2022)). The work explores various
stellar age-dating techniques and discusses what we can learn from tidal inter-
actions even though the planet is not massive enough to be expected to have
formed by gravitational instability. Particularly interesting is that TOI-1268b
has mass and radius similar to that of Saturn, despite the much younger age
between 110 — 380 Myr. These are the results of a global collaboration among the
KESPRINT consortium. Chapter 5 presents the search for planets in systems
with wide BD companions. The work also compares parameter distributions of
planets around single stars, planets around stellar binaries and planets in systems
with wide BD companions to study how wide BD companions affect planetary
systems. These are the results of a global collaboration with astronomers from
Instituto de Astrofiisica de Canarias. Finally, Chapter 6 summarises the main
results and conclusions of this thesis.



1. Introduction

This section presents the current knowledge on BDs and EGPs, followed by
a description of various techniques that can be used to precisely determine
stellar parameters. The precision of stellar parameters is crucial not only
for the characterisation of their companions but also for studying tidal
interactions between a companion and a host star. It is partly based on
my publication Subjak et al. (2022).

1.1 Brown dwarfs

Brown dwarfs (BDs) form a group of objects separating giant planets from low-
mass stars. The exact definition is based on the mass, as electron degeneracy
pressure in the interior of BDs causes them to have a similar radius as giant
planets. The lower edge of the mass range is 11-16 Jupiter masses (M), which
is a condition to sustain deuterium fusion (Spiegel et al., [2011). The upper end is
then at 75-80 M (Baraffe et al., [2002) which creates conditions capable of sup-
porting hydrogen fusion, typical for stars. These intervals reflect the sensitivity
to the metallicity and the chemical composition of BDs. Recently this definition
has been increasingly questioned (e.g., Whitworth| |2018; Hatzes and Rauer, 2015}
Persson et al. [2019), and the classification of objects close to these boundaries
are blurred by insufficient precision on the derived parameters (Diaz et al., 2014}
Zhou et al., 2019).

The discovery of the first two BDs, Teide 1 and Gliese 229B (Rebolo et al.,
1995; Nakajima et all (1995]), were announced in 1995. Since then, the study of
BDs has gone through rapid development. Thousands of BDs have been discov-
ered so far; many come from all-sky infrared surveys (e.g., Lodieu et al.. 2007;
Pinfield et al.| 2008 Metchev et al., 2008; |Burningham et al., 2010; Kirkpatrick
et al., 2011} |Cushing et al., 2011} |Lodieu et al., 2012 |Carnero Rosell et al., |2019;
Kirkpatrick et al., 2021)), such as the Two-Micron All-Sky Survey (2MASS; [Skrut-
skie et al., |2006), the Wide-field Infrared Survey Explorer (WISE; Wright et al.|
2010), the Deep Near-Infrared Survey of the Southern Sky (DENIS; Epchtein
et al., |1997), the UKIRT Infrared Deep Sky Survey (UKIDSS; Lawrence et al.,
2007), and the VISTA Hemisphere Survey (VHS; McMahon et al.| 2013). Addi-
tional discoveries come from large-scale optical surveys (e.g., Hawley et al.| [2002;
Metchev et al., [2008; Deacon et al., 2011} [2014; Carnero Rosell et al., [2019), such
as the Dark Energy Survey (DES; |Abbott et al., 2018), the Sloan Digital Sky Sur-
vey (SDSS; [York et all [2000)), and the Panoramic Survey Telescope and Rapid
Response System (Pan-STARRS; |Chambers et al., |2016). These usually isolated
brown dwarfs have traditionally been identified via their colours as their spectral
energy distribution peaks in the near-infrared.

Several works focus on the study of the initial mass function (IMF) of BDs
(e.g., [Luhman| 2004; Bayo et all, 2011; Scholz et al., [2012} 2013} Muzi¢ et al.,
2015, [2017). Muzi¢ et al| (2017) used the high-resolution adaptive optics data
of the young (~ 1 Myr) dense cluster RCW 38 obtained with the NACO instru-
ment at the Very Large Telescope. They found a star/BD ratio between two



and five, which is consistent with the previous works of other young star-forming
regions (e.g., Slesnick et al., 2004 Levine et al.| [2006; |[Luhman, 2007)) as well as
with the estimate of the star/BD ratio in the field (Bihain and Scholz 2016).
They estimated that the Milky Way galaxy contains between 25 and 100 billion
brown dwarfs. Furthermore, their results do not show evidence that a high stellar
density affects the formation efficiency of brown dwarfs and very-low-mass stars.
These works suggest that BDs are indeed common objects. However,
pointed out the inconsistency with the theory in that formation of BDs by
direct cloud fragmentation similar to stars has problems reproducing such a large
amount of observed BDs. The reason is that this process rarely produces BDs as
it requires specific conditions such as a high-density, gravitationally self-bound
cloud but very low mass so that the object does not accrete enough mass to be-
come a star (Adams and Fatuzzo, [1996). The observed IMF contains too many
brown dwarfs compared to what is predicted by theory (Padoan and Nordlund,
2002} [Hennebelle| 2018)). This inconsistency can be seen in Figure[1.1] [Hennebelle
and Chabrier (2008)) proposed that this deficit might be solved by including tur-
bulent fragmentation descriptions in their models; however, others interpret this
inconsistency as a sign that an additional formation channel is needed to match
the observations.
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Figure 1.1: Comparison between the theoretical IMF (solid line), and stel-
lar /brown dwarf system IMF representative of the Galactic field and young clus-
ters (dotted line) (Chabrier], 2003). The bottom axis is in units of solar masses.
We can see that the theoretical model does not reproduce the observed abundance
of brown dwarfs with M < 0.08 M. Source: Hennebelle and Chabrier| (2008).

To discuss if BDs are typically formed like stars, we can study their binarity
fraction. Most stars are formed as multi-stellar systems. Goodwin and Kroupa)
discusses that the dynamical decay of systems with three and more stars
would result in a large population of single stars that are not seen in the young
stellar populations with high binary fractions (Duchéne, 1999). This leads to a
strong constraint on star formation theories that formation processes must typi-
cally produce only 2 or 3 stars. Oppositely, we observe only a small fraction of
star-BD binaries, the so-called brown dwarf desert (e.g., Grether and Lineweaver),
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2006; Sahlmann et al., |2011) and also small number of a BD-BD binaries (e.g.,
Bouy et al., [2003; Burgasser et al. 2003). However, the low number of brown
dwarf binaries can also reflect the decrease in binarity fraction in dependence on
primary mass as observed for stars. Furthermore, poor constraints of the BD bi-
nary fraction at small separations from photometric surveys lead to uncertainties
in binarity estimations (Bardalez Gagliuthi et al., 2014)). However, these may still
indicate that most BDs do not form like stars. These can also be seen in the pri-
mary mass vs mass ratio diagram of binaries from the Chamaeleon I star-forming
region presented in |Lafreniere et al.| (2008)). Thies and Kroupa (2008) showed
that the observed binaries could be reproduced by random pairing from the IMF,
however, only when treating BDs and stars as separate populations (see Figure
[1.2). Furthermore, Thies and Kroupa) (2007) also discussed that the distribution
of semi-major axis in stellar binaries is different than in the case of BD binaries
which have a much narrow range.

Thies et al.| (2010) studied the effects of stellar encounters in embedded clus-
ters on the circumstellar disks. They observed that after the passage of the
perturbing star, tidal arms are formed in the circumstellar disks, and part of the
mass is transferred to the passing star. In these tidal arms, gravitational instabil-
ities form bound objects, typically between 100 and 200 au from the star. Each
simulation typically produces between two and five low-mass objects with masses
between those of very massive planets and very low-mass stars. Some of these
objects fall into the central star, and some are ejected, typically with a mass of
a brown dwarf. The rest continue to accrete material and becomes stars. The
authors found that the IMF of brown dwarfs produced in the simulations is com-
parable with the IMF from star clusters (Thies and Kroupa, 2007). Furthermore,
models predict that around 15% brown dwarf binaries are formed, which is also
consistent with observations (Burgasser et al., 2010). Basu and Vorobyov (2012)
computed formation and evolution of protostellar disk in which gaseous clumps
are formed by disk fragmentation and often are ejected due to gravitational in-
teractions with other gaseous clumps, gas disk and with host star. Furthermore,
they found that these clumps do not need to reach stellar density to be ejected
and that they can be tidally disrupted during the ejection process. Clumps that
survive ejection can cool down and contract to form BDs with an accretion disk.
Hence, observations of BDs with accretion disks, which were previously used to
favour the formation through the direct collapse of molecular cloud (Luhman)
2007)), can also be the results of the disk fragmentation. (Vorobyov, 2016) found
that only gaseous clumps with a mass larger than 20 M; can survive ejection
and that the ejection of the most massive clumps can cause fragmentation to
BD binaries. Furthermore, the structure of pre-BD cores would differ from that
expected formed via molecular cloud fragmentation. It can be used to distinguish
between formation scenarios. In conclusion, there are expected two different for-
mation chains for free-floating BDs: star-like formation and disk fragmentation
with subsequent dynamical evolution. Marks et al.| (2017)) discussed the question
of how to distinguish between these formation scenarios observationally. They
showed that binary fraction as a function of primary mass contains specific fea-
tures that can be used to distinguish in which way most of BDs formed.

We also observe the rapid rising of discoveries of transiting BDs (e.g., Persson
et al.l 2019; éubjak et al., [2020; (Carmichael et al., 2020, [2021; |Palle et al., 2021)
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Figure 1.2: Mass-ratio vs primary mass distribution. Upper panel: Binaries
formed by random pairing over the complete mass range of a single population
of BDs and stars (grey points) and the observations of the Chamaeleon I star-
forming region (black diamonds) (Lafreniere et al., 2008). Lower panel: Binaries
formed by random pairing of stars with M, above 0.075. If the binaries were
formed by random pairing over the complete mass range of a single population of
BDs and stars, we would observe lower mass ratios. The observations agree well
with a random pairing of stars as the separate population. Source:

mainly thanks to space missions such as the CoRoT mission (Auvergne et al.
2009), the Kepler/K2 mission (Borucki et al) 2010), and currently the TESS
mission (Ricker et al., 2015)). These objects are thought to form either in-situ via
gravitational instability or via core accretion at larger distances from host stars.
The fact that brown dwarfs form relatively rarely close binaries with stars (e.g.,
Vogt et al., |2002; [Patel et al., 2007; Sahlmann et al., 2011; Nielsen et al., 2019)
suggests that they are not the main products of these processes. To observation-




ally constrain the formation path of individual systems, they need to be precisely
characterised. In such binary systems, the primary stars come in handy. If we
assume that both components formed in the same environment under the same
conditions, such bodies will share common properties (e.g., age and metallicity),
which can be derived for one of them and applied to the other (Faherty et al.
. For close binary systems, we can also measure the precisely the mass by
measuring the radial velocities of host stars. Furthermore, if a BD is transiting,
we can measure its radius precisely. We can then use this information to test
up-to-date structure, evolution, and formation models, which still contain many
uncertainties. So far, we observe a similar number of transiting BDs around low-
mass M stars, G-type and F-type stars (27+13% of the population for M stars,
22+11% for G stars and 32£15% for F stars) and a decrease in numbers around
K-type and A-type stars (8+6% of the population for K stars and 11+7% for A
stars) (see Figure [1.3). With the increasing number of transiting BDs, we will
be able to better constrain the distribution of transiting BDs around individual
spectral types to understand how stellar properties influence both formation pro-
cesses. Damiani and Diaz (2016]) argue that tidal interactions with the host star
and angular momentum loss through magnetic braking can lead to the inward
migration of BDs with the BD being engulfed by its parent star. This process
should also be considered to influence observed fractions as its timescale is longer
for brown dwarfs orbiting smaller stars.

A stars
F stars
32%
M stars
22%
/ G stars

K stars

Figure 1.3: Percentage of the currently known transiting BDs vs spectral type of
host star.

1.2 (Giant planets

According to the classical picture, giant planets form from planetary cores made of
ices and rocks that grew beyond a critical mass of about ten times the mass of the
Earth, at which point they began accreting hydrogen and helium and increased
their mass rapidly (Perri and Cameron| [1974; Mizuno, 1980; Bodenheimer and|

Pollack, [1986)). The first EGP discovered around a solar-type star, 51 Pegasib
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(Mayor and Queloz, [1995) is a hot Jupiter with an orbital period of ~ 4days
much different from what we see in our solar system. Indeed, it was the first hint
of how diverse the planetary systems are and that many processes need to be
involved in understanding the general concept of planetary formation.

Studying the parameter distributions of known gas giants provides key evi-
dence about their formation and evolution. The radial distribution of gas giants
follows a bimodal shape with the first peak between 0.04 and 0.05au represent-
ing the group of hot Jupiters and the second peak observed at larger separations
between 1 — 4au (see Figure [1.4)). The eccentricity of planets has a rising trend
towards larger separations as tidal interactions with a host star would circularise
close planets. However, planet-planet scattering is an important effect, enhancing
the eccentricities. Raymond et al.| (2009) presents a study of the planetary sys-
tem’s architecture that evolves under the combined effects of planet-planet and
planetesimal scattering. The very important result derived from the eccentricity
distribution is that to be able to match the observed eccentricity distribution,
~ 75 — 95% of giant exoplanets systems need to be survivors of the instability
process between two planets (Juri¢ and Tremaine, 2008; (Chatterjee et al., 2008}
Raymond et al., [2010). Another important property found is the correlation be-
tween the gas giant fraction and the metallicity of the host stars. Stars with higher
metallicity host more giant planets (Santos et al., 2003} |[Fischer and Valenti), [2005;
Johnson et all, [2010) (see Figure [L.5]). |[Johnson et al| (2007) discussed the corre-
lation between the gas giant occurrence rate vs stellar mass for distances below
2.5au. |Ghezzi et al. (2018)) later quantified that the occurrence rate is propor-
tional to mass of star with exponent gamma equal 1.05 (M}; v = 1.05 £ 0.28).
Nielsen et al.| (2019) found a similar correlation for planets at wide separations
(10 — 100 au) using data from the Gemini Planet Imager. In comparison to giant
planets, BDs show a different distribution of orbital distances, with an occurrence
rate around 1%, independently of the stellar host mass. It suggests that giant
planets and BDs should be treated as different populations similarly as in the
case of BDs and stars.

The formation of giant planets through core accretion consists of several
phases. Firstly, planetesimals are formed by pebbles’ accretion. Secondly, the
relatively long phase of slow gas accretion begins when the planetesimals are suf-
ficiently massive. When the mass of gas is similar to the mass of a core, the
runaway accretion phase is triggered, and planets accrete a lot of mass in a short
time (Pollack et al.,|1996]). These processes are closely connected to the migration
processes. |Johansen and Lambrechts| (2017)) presents the growth tracks of plane-
tary mass versus semimajor axis for all the major classes of planets. These tracks
show that planetesimals formed at separations smaller than a few au migrate
very close to a star and end up as hot Jupiters, while, for example, planetesimals
formed at ~ 15au end up at ~ 5au. Hence, there are several theories for the for-
mation place of Jupiter. Either Jupiter’s planetesimal formed at a large distance
from Sun, or it could form a bit closer and migrate slower (Bitsch et al., [2019)).
Another possibility is that Jupiter alone would migrate much closer toward the
Sun, but Saturn stops such migration, and both planets experienced a reverse
migration (Masset and Snellgrove, 2001)).

Giant planets’ formation and migration strongly influence planetary systems,
as in the case of our Solar system. It is clear that Jupiter and Saturn affected
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Figure 1.4: Planetary minimum mass versus orbital period for the known planets
characterised by radial velocity. In the top panel, we can see the kernel density
estimate of planetary orbital periods for the mass range of Jovian planets between
0.1 and 15 M revealing the bimodal distribution. Data from [Fontanive and
Bardalez Gagliufhi| (2021)).

the inner planets’ orbits and masses; however, it was also shown that Jupiter
affected the amount of water on the terrestrial planets (Morbidelli et al. [2016).
Previous studies have discussed the role of giant planet formation and migration
on the planetary systems. They predicted compact systems composed of inner
super-Earths/mini-Neptunes and hot Jupiters (e.g., Fogg and Nelson| [2005} 2007;
Raymond et al.| [2006; [Mandell et al., 2007). A few such systems were indeed dis-
covered (Becker et al| 2015} |Canas et al., 2019; Huang et al., 2020). Furthermore,
Raymond et al.| (2006 and Mandell et al.| (2007) discussed that in systems with
a hot Jupiter, Earth-mass planets are often formed within the habitable zone.
However, these planets would accrete much more water in comparison to planets
in systems with distant giant companions similar to our Solar system. The reason
is that distant EGPs, when they are massive enough, prevent the migration of icy
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Figure 1.5: Planet fraction (Npianets/Nstars) as a function of stellar metallicity
for the sample of 1266 stars drawn from the California Planet Survey (gray his-
togram) (Johnson et al [2010). The filled red circles represent the median planet
fraction of the stars in each bin. The blue diamonds represent the planet fraction
for solar-like stars. Source: |Johnson et al. (2010)).

pebbles to the inner part of the disk (Morbidelli et al., 2016). Planets in systems
with an inner EGP contain about twenty times as much water as those formed
in outer EGPs simulations (Raymond et al.; 2006). Hence, we can imagine these
planets as water worlds with thick global oceans. None of such systems has been
detected so far; however, these predictions make systems with hot Jupiters good
targets for future missions focusing on the detection of planets in the habitable
zone around solar-like stars, such as PLATO (Rauer et al., 2014).

1.3 Stellar parameters

The accurate knowledge of stellar parameters is fundamental to understanding
their formation and evolution, as well as the formation and evolution of their com-
panions. However, it can also tell us a lot about the formation and evolution of
galaxies as stars represent building blocks. Hence, it is important to derive these
parameters precisely, preferably without using theoretical assumptions. Precisely
measuring stellar parameters is one of the most challenging tasks in astronomy.
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1.3.1 Mass and radius

The mass and radius, together with luminosity and chemical composition, can be
considered the first-order parameters describing the physical properties of stars.
These parameters are key ingredients of models of stellar structure and evolution.
Other parameters such as effective temperature or surface gravity can be derived
from them. Every astrophysical application requires a different mass and radius
precision, although we always try to reach a best possible precision. Testing dif-
ferent stellar structure and evolution models is one of the most demanding tasks,
usually requiring precision of ~ 1 — 3%. Another application demanding great
precision is the study of exoplanets. An exoplanet’s mass derived through the
radial velocity method depends on the host star’s mass. Similarly, we can de-
rive only the ratio between planetary and stellar radius from transit photometry.
Hence the precision on the exoplanet mass and radius is limited by the preci-
sion on the stellar parameters. Unfortunately, there are only a few methods to
measure stellar mass and radius directly, and these methods are not applicable
uniformly across the Hertzsprung—Russell (H-R) diagram.

o One method considers eclipsing binaries to measure mass and radius very
precisely. These parameters depend primarily on the system’s geome-
try through the analysis of the light curves and on Newtonian mechanics
through measuring radial velocities. Torres et al.| (2010) has shown that
eclipsing binaries can achieve precision in mass and radius measurements

of 2 — 3%.

o Another method to precisely measure stellar mass and radius is asteroseis-
mology, the study of stellar oscillations (e.g., Brown and Gilliland, (1994;
Christensen-Dalsgaard), |2004; Aerts et al., |2010; Gilliland et al.; 2010)). The
precision of space-based photometry has enabled the detection of stellar
acoustic modes, which allows precision in mass and radius measurements of
a few per cent (e.g., Bruntt et al. 2012; Huber et al., |2013|). However, as
the amplitude of these modes scales with the stellar size, asteroseismology
can usually be used only on solar-like or larger stars where the observations
are not complicated by stellar activity or photometric noise.

o In the case of stellar radii, we must also add interferometry to the list.
Optical and infrared interferometry has been used several times to measure
the stellar angular size directly (e.g., Berger et al., [2006; von Braun et al.,
2014)). However, one needs to know the precise parallax to determine the
stellar radius, and this method can be used only on relatively close and
bright stars. Hence, low-massive cold stars are usually undersampled as
they are faint.

Serenelli et al. (2021) provides the summary of available techniques for stel-
lar mass determination across stars of different evolutionary stages. They also
provide a list of more than 200 stars with precise mass measurements below 2%.
75% of these stars are main sequence stars, and the rest covers all other evolved
stages. As these techniques summarised here are not applicable to all stars, we
usually rely on models of stellar interiors and atmospheres to measure the stel-
lar properties of isolated field stars. Serenelli et al. (2021) compares the stellar
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radius measured from asteroseismology with that measured from spectral energy
distribution in combination with parallax and found a good agreement between
both methods, with a typical scatter of ~ 10%.

Spectral synthesis and stellar isochrones

Spectroscopic analysis is one way how to determine stellar parameters, such as the
effective temperature T, surface gravity log g, metallicity [Fe/H], and the pro-
jected stellar equatorial velocity v sin ¢, by comparing observed spectra with syn-
thetic ones. To perform such analysis in the next sections, we used the iSpec in-
terface (Blanco-Cuaresma et al., 2014} |Blanco-Cuaresma, 2019)). iSpec combines
several synthetic programs to generate synthetic spectra for stellar parameters
grids: SPECTRUM (Gray, 1999), TURBOSPECTRUM (Plez, 2012), SME spec-
tral synthesis (Valenti and Piskunov, [1996; |Piskunov and Valenti, 2017), MOOG
(Sneden et al., [2012) and SYNTHE (Kurucz, [1993)). These synthetic spectra are
then compared to the observed one, and the spectral fitting technique minimises
the x? value between them by executing a nonlinear least-squares (Levenberg-
Marquardt) fitting algorithm (Markwardt, |2009). Specifically, we are using SME
together with the MARCS models of atmospheres (transformed to the format
that SME requires) (Gustafsson et al.| [2008)), and version 5 of the GES atomic line
list (Heiter et al., [2015). The MARCS models cover effective temperatures from
2500 to 8000 K, surface gravities from 0.00 to 5.00 dex, and metallicities from -
5.00 to 1.00 dex, and the GES line list spans over the interval from 420 to 920 nm
and includes 35 chemical species. Brewer et al. (2015) compared surface grav-
ity measurements from spectroscopic analysis with SME with asteroseismological
measurements and found a good agreement.

One technique for determining stellar parameters is to compare larger parts of
observed spectra to synthetic ones. However, one should carefully consider which
regions are suitable for such analysis. [Yee et al.| (2017) used eight 100 A intervals
between 5000 — 5800 A and derived the final parameters by averaging values from
all intervals, which gives relatively good results. However, in this technique, pa-
rameter determination is complicated by having to fit several parameters at the
same time. When one parameter is mismatched, the others are affected by sys-
tematic errors. Another technique discussed in [Fridlund et al.| (2017)) uses specific
features in the spectrum sensitive to individual stellar parameters. We can use
the wings of Ha line (Cayrel et al., |2011) to determine the effective temperature.
Furthermore, we need to exclude the core of this line as it originates in the chro-
mosphere and would incorrectly result in higher temperatures. However, such
temperature depends on how large the part of the Ha line we exclude and also
how well the continuum is normalised. To determine a metallicity and projected
stellar equatorial velocity, we can use a large number of Fe L1I lines in the region
between 5970 and 6430 A.

The stellar parameters derived from spectroscopic analysis, together with pho-
tometric and astrometric data, can then be used to derive a mass, radius, or age
when compared with models mapping the stellar evolution. Several such models
are available and widely used in the literature: the PARSEC isochrones (Bressan
et al. 2012), the MIST isochrones (Choi et al., 2016)), the Dartmouth isochrones
(Dotter et al., |2008), the Geneva isochrones (Lejeune and Schaerer, 2001)), or the
Brussels isochrones (Siess et al., 2000).
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SED analysis

Another method to determine the parameters of stars is to compare the shape
of the spectral energy distribution (SED) to theoretical models of the stellar at-
mosphere. The stellar atmosphere represents the link between the observations
and models of stellar structure and evolution, and the SED represents the ro-
bust prediction of atmospheric properties. Even for the cool stars, whose spectra
are affected by convective motions and turbulent flows, Chiavassa et al.| (2018)
discussed that using realistic 3D hydrodynamical stellar atmosphere simulations
does not cause larger changes than 5% in comparison to classical 1D hydrostatic
models for late-type stars. As the SED shape, which can be mapped by photo-
metric observations in different wavelength bands, depends in first order on the
radiative flux of the bottom parts of the stellar photosphere, it can be used as a
good thermometer. In the second order, the SED shape is influenced by lines and
continuous opacity; hence it can also be useful for predicting the surface gravity
and chemical abundances.

One of the most used approaches is to minimize the y? function between the
SED shape from available photometric measurements and different atmospheric
models. In the next chapters we used the Virtual Observatory SED Analyser
(VOSA; Bayo et al., 2008) to model the SED of stars. VOSA uses grids of different
models, from that we used: BT-Settl-AGSS2009 (Barber et al., [2006; Asplund
et al.l |2009; Allard et al., 2012)), BT-Settl-CIFIST (Barber et al. |2006; Caffau
et al., 2011; |Allard et al., 2012)), BT-NextGen GNS93 (Grevesse et al., [1993;
Barber et al.| 2006; Allard et al., [2012), BT-NextGen AGSS2009 (Barber et al.|
2006; Asplund et al., 2009; |Allard et al. 2012)), and Coelho Synthetic stellar li-
brary (Coelho| 2014). To obtain available photometry VOSA enables access to
different photometric tables. We used some of the most common photometric
surveys and their filters spanning the wavelength range 0.4 — 22 pym: 2MASS
J, H, K bands (Cutri et al., 2003)), WISE W1 —4 bands(Cutri et al., 2021]), Tycho
B,V bands (Hog et al., 2000), Gaia DR2/3 G, Bp, Rp bands (Gaia Collabora-
tion et al., 2018 [2021)), Stromgren-Crawford wu, v, b,y bands (Paunzen| |2015]) or
AKARI bands (Ishihara et al., 2010). VOSA also enables the calculation of the
stellar reddening caused by interstellar dust. Based on the model with the min-
imal y? function, VOSA determines an effective temperature Tyg, surface gravity
log g, and metallicity [Fe/H]. The available photometry is used to determine a
total observed flux, which is translated using star distances (typically from Gaia
DR3) into a bolometric luminosity. An effective temperature and bolometric lu-
minosity are then used to determine stellar radius via the Stefan-Boltzmann law.
Additionally, an effective temperature T,g¢, surface gravity log g, and metallicity
can be used to determine the mass, radius and age when compared to stellar
isochrones, similarly as in the previous section. Finally, VOSA enables to compare
the stellar SED with those in template collections to determine a spectral type.
We used the template collections provided by Kesseli et al.| (2017)).

1.3.2 Age

Unlike mass and radius, stellar age cannot be measured directly, but can only be
estimated through different age-dating techniques. Only one star has precisely
and accurately determined its age, and it is the Sun. However, even the Sun
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itself does not reveal its age which we determined from the material in the solar
system. This main obstacle makes age the most difficult stellar property to derive.
Furthermore, because stars are evolving, we need a reliable way to measure their
age to understand many physical phenomena. Barnes| (2007b)) has discussed which
attributes a perfect age indicator should fulfil. Such an age indicator should be
well-defined and applicable for a single star but should provide the same ages for
all stars when used on an coeval sample. Furthermore, such an indicator should
be sensitive only to age, and its physics should be well understood with the least
possible assumptions.

Now it is clear that such an age indicator does not exist, and usually, we
need to settle for less, often much less. Each age indicator is affected by many
underlying phenomena; hence, these activity indicators may disagree in some
cases. However, in many cases, using more activity indicators is sufficient to
provide reliable constraints on age. These age indicators are often studied on
stellar clusters; however, open clusters older than one Gyr are sporadic and tend
to be distant. Another obstacle is that stellar parameters do not dramatically
change during the main-sequence phase. Hence, only for young systems or, on the
contrary, for old systems after the main-sequence phase, we can get reliable age
constraints. In summary, each interval of stellar age and spectral type presents
its problems and has its relevant activity indicators.

Stellar isochrones

One of the methods available for stellar age determinations, which is particularly
important in observational studies, is isochrone fitting. As previously mentioned,
it compares stellar parameters derived from the spectroscopic or SED analysis, to-
gether with photometric and astrometric data, to theoretical stellar evolutionary
sequences.

[sochrone fitting can provide relatively accurate ages; however usually not
very precise. It is a useful technique to determine the ages of stellar associa-
tions, observing the minimum mass of stars which left the main sequence (MS).
However, in some cases, it can also be used on single stars. Age is difficult to
measure, particularly for low-mass (G,K,M) stars on the MS. The uncertainties
can be as large as the universe’s age for these stars. This is caused by the fact that
while a star is sitting on the MS, its physical properties do not change rapidly.
It can be seen in the space between different tracks on the H-R diagram. They
are very closely spaced, and many of them (usually in the range of several Gyr)
lie in typical observational uncertainties for luminosity and effective temperature
(or absolute magnitude vs colour) in Figure [I.6] Different cases are stars which
already left the MS. Here, the spacing between tracks is much less dense, and the
precise measurement of input parameters would lead to a very precise age.

Gyrochronology

The slowing down of the rotation period of main sequence stars through magnetic
braking was first reported by Skumanich (1972), who observed young clusters
and moving groups, such as Pleiades, Ursa Major, or Hyades. He defined the
Skumanich law according to which stellar rotation slows down with the square
root of time. Then, |Barnes (2003) proposed to use such age-rotation dependency
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Figure 1.6: Luminosity vs effective temperature plot. Curves represent MIST
isochrones for ages: 30 Myr (blue), 50 Myr (orange), 100 Myr (green), 1 Gyr
(red), 6 Gyr (purple), 10 Gyr (brown).

as a clock to measure the age of stars, termed gyrochronology. [Meibom et al.|
discussed that F and G stars in the M35 cluster (~150 Myr;
behave pretty much as Skumanich law predicts comparing to Hyades
cluster (~650 Myr; Soderblom et al.| [1993al), while for K dwarfs, the law predicts
a faster spin-down rate than observed. [Meibom et al/| (2011]) and
found similar behavior looking at the NGC 6811 (~1 Gyr; |Curtis et al.,
2019), and Blancol clusters (~130 Myr; [Cargile et all [2010). These authors
discuss two different sequences observed in these clusters and that the rate of
transition between them is inversely related to the stellar mass.

Epstein and Pinsonneault| (2014)) discussed two sources of uncertainties that
complicate the measurement of stellar age: the range of initial stellar rotation pe-
riods and latitudinal surface differential rotation. However, the convenient char-
acteristic of stars that allows their ages to be inferred from their current rotation
periods and independently of their primordial ones comes from the steep depen-
dence of the spin-down rate on rotation period (Kawaler, [1989). Stars spinning
with high angular velocity will experience a much greater angular momentum loss
rate than slowly spinning stars, and for this reason, no matter the initial rotation
period, solar-type stars will have the same rotation period after around the age of
the Hyades, 500-700 million years (Irwin and Bouvier, 2009; |Gallet and Bouvier),
. After this time, the age of a star can be inferred, to first order, from its
dust-corrected colour (B — V' or Gaia Bp—Rp) and the current rotation period
alone.

Theoretical gyrochronology models need to consider many physical processes,
initial rotation rates, properties of the magnetic field and stellar wind, or angular
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momentum losses (e.g., Kawaler] 1988 [1989; Pinsonneault et al. 1989; van Saders
and Pinsonneault, 2013} |Matt et al., 2015; van Saders et al., 2016)). On the other
hand, empirical models (e.g., Barnes, 2003, 2007a; Mamajek and Hillenbrand,
2008; |/Angus et al., [2015] 2019a) are based on observations of rotation periods in
clusters. In the era of space photometry surveys like TESS or K2, our knowledge
of the rotation periods of members of stellar clusters has improved significantly,
which causes the gyrochronology analyses based on observations and empirical
relations to be widely used in literature. However, young clusters show a large
scatter of observed rotation periods for stars of the same spectral type and old
open clusters are rare. Hence, the empirical relations that reproduce relatively
well data of one cluster have limiting applications on different clusters and field
stars. They can, however, provide a reasonable estimate for the ages of a large va-
riety of stars. Many authors continue updating and investigating rotation period
distributions for large variety of clusters (e.g., |Gruner and Barnes, 2020; [Rebull
et al., 2020 Curtis et al.| 2020; |Gordon et al. 2021). Currently, a wide range of
ages is covered starting at a few Myr in star-forming regions (Rebull et al., 2004])
through the Pleiades and Praesepe clusters (Hartman et al., 2010; Douglas et al.|
2017) up to NGC 6774 with an age of ~ 2.5 Gyrs (Gruner and Barnes| 2020)).
As described in |Angus et al| (2019b)), the gyrochronology relation used in
the stardate code is derived based on the Praesepe cluster, fitting a broken
power-law to observed rotation periods of stars from this cluster in the form:

4
l0gPror = calog(t) + > cullog(Gpy — Grp)™ (1.1)
n=0

where t defines the age of a cluster. To study ages of field stars one can
use such empirical relation, with coefficients derived on the Praesepe cluster, to
compute curves for different ages and plot them together with the members of
the well-defined clusters: Pleiades cluster (~120 Myr; Hartman et al., |2010)),
M34 cluster (~250 Myr; Meibom et al., 2011)), M37 cluster (~400 Myr; Hartman
et al. 2009), M48 cluster (~450 Myr; Barnes et al| 2015), Praesepe cluster (~650
Myr; Douglas et al., 2017), NGC 6811 cluster (~1 Gyr; Curtis et al., 2019), and
NGC 6774 cluster (~2.5 Gyr; |Gruner and Barnes, 2020). It can be seen in Figure
[1.7] We can split Figure into three regions. The region of G-type and F-type
stars with Gaia colour G, — G, in the range ~ 0.9 — 2.7 which have a narrow
range of rotation periods. These stars come to the MS with a wide range of rota-
tion periods and spin down to a much narrower range. The break in distribution
for Gaia colours G'p, — Gy, smaller than ~ 0.9 with stars rotating much faster
is the Kraft break (Kraft, [1967), where magnetic braking becomes less efficient
for more massive stars. The general picture is that subsurface convective zones
in stars with lower mass are responsible for a stellar wind which, in interaction
with a magnetic field, slows down the stellar rotation rate. Finally, the break
in distribution for M dwarfs with Gaia colours G, — G, larger than ~ 2.7.
Hence, we observe the bimodal distribution with early M dwarfs (on average slow
rotators) and late M dwarfs (on average fast rotators). In the younger Pleiades
cluster, such bimodal distribution is less obvious (Rebull et all 2016). These
properties are attributed to the balance between the spin-up of these stars by
contraction and the angular momentum loss through the stellar wind. We can
observe an increasing trend in rotation rate toward later spectral types because
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the contraction of these stars is a relatively long process and is longer for late M
dwarfs. As we show in later sections, by comparing a rotation period vs colour
of studied stars to such a plot, we can obtain reasonable constraints about age.
We can usually distinguish if the star is consistent, younger or older than the
Praesepe cluster and, in specific cases, even more. Curtis et al.| (2019) showed
that for spectral types between GO and F2, we can distinguish between the Prae-
sepe (~650 Myr) and NGC 6811 clusters (~1 Gyr), while K dwarfs distributions
overlap in both clusters. |Agtieros et al|(2018) proposed that after stars reach the
slow-rotating sequence by the age of Praesepe, they enter the temporary phase
of reduced rotation braking, which is longer for stars with lower mass. Then
older clusters, such as NGC 6774 (~2.5 Gyr), appear to rotate slower despite the
smaller number of members.
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Figure 1.7: Color-period diagram of members of well-studied clusters: Pleiades
cluster, M34 cluster, M37 cluster, M48 cluster, Praesepe cluster, NGC 6811 clus-
ter, and NGC6774 cluster. Lines represent the 100, 400, 650, and 2500 Myr
curves computed from the empirical relation from Angus et al.| (2019D).

Lithium equivalent width

Studies of the lithium equivalent width (EW) in stars in different clusters found
a lithium dependency on the star’s age and mass. Proton capture reactions are
responsible for the destruction of lithium in the star’s interior. The temperature
needed for the reaction to occur is about 2.5 million Kelvins (e.g., Pinsonneault,
1997)). Hence, lithium from the stellar atmosphere needs to be transported to the
deeper and thus hotter layers of the star to be destroyed. In the pre-main-sequence
phase, stars contract along fully-convective Hayashi tracks. Hence, the lithium
burning triggered when cores reached the needed temperature. In stars with
mass below 0.4 My, which remain fully convective, all lithium is early depleted.
However, more massive stars develop a radiative core and stop mixing material
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convectively to the core. Hence, lithium burning now depends on the temperature
in the bottom part of the convective zone. In stars with mass below 0.6 Mg, such
temperatures remain sufficient, and they burn all lithium. However, as in more
massive stars the radiative core expands, the temperature in the bottom part of
the convective zone will eventually drop below the needed temperature. In more
massive stars, the radiative core develops before lithium burning is triggered;
hence, they are expected to keep the initial lithium abundance.

These standard models of stellar evolution, which include convection as the
only mixing mechanism (e.g., Soderblom et al., [1990), predict that stellar Li
abundances should only be a function of effective temperature and age and that
lithium depletion should not evolve after ~ 100 Myr. It is in contradiction with
observations of stellar clusters of different ages and also with lithium observations
of the Sun. Hence, additional mixing mechanisms in addition to convection were
proposed that would mix material between the radiative core and the bottom part
of the convective zone and hence also with a photosphere. These proposed mixing
processes are rotational mixing, diffusion, mass loss or gravitational waves, in
addition to convection (e.g., Duncan 1981} Soderblom et al.,[1995)). Furthermore,
observations indicate that lithium depletion also depends on a series of other
factors, such as metallicity or magnetic activity (e.g., Deliyannis et al. [1990;
Ventura et al., [1998; Jones et al.| [1999; Charbonnel and Talon, 2005; Bouvier,
2008). All these are adding complications to the current models. Despite a
lot of theoretical and observational effort, the available data revealed complex
patterns that are not understood. Furthermore, it is important to note that the
lithium content is expected to depend also on planetary companions; for instance,
the planetary formation could change the initial angular momentum of the star,
which, according to Takeda et al.| (2010))) and |Gonzalez et al.| (2010), affect the
process of lithium burning. Another alternative to an anomalous Li abundance
is planet engulfment, which may lead to an increase in the Li abundance of a star
(Montalban and Rebolo| 2002; |[Sandquist et al., [2002).

Similarly, as with the rotation period, we can create the EW of Li vs. color
plot of members of well-studied clusters (Figure[L.8): the Tuc-Hor young moving
group (~45 Myr; Mentuch et al., 2008), the Pleiades (~120 Myr; Soderblom
et al., [1993b), M34 (~220 Myr; Jones et al. 1997)), Ursa Major Group (~400
Myr; Soderblom et al., [1993c), Praesepe (~650 Myr; Soderblom et al., [1993al),
Hyades (~650 Myr; Soderblom et al., [1990), and M67 clusters (~4 Gyr; Jones
et al., [1999). The lithium line at 6708 A can then be used to measure the lithium
equivalent width of studied stars. Specifically, the EW corresponds to the area
within the gaussian fit of the line. By comparing the Li EW vs colour of studied
stars in such a plot, we can obtain some constraints about the age. We can see
that usually, we can only distinguish between young and old stellar age. For
B — V colour larger than 0.75, we can distinguish younger age (based on the
Pleiades and M34 clusters) from older age (based on the Praespe, Hyades and
M67 clusters) as stars from older clusters have lithium depleted. For smaller
B — V colours, we can also distinguish between these younger and older ages
with some confidence level; however, only in specific cases when observations of
Li EW lie far from the boundary.
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Figure 1.8: Colour vs EW of lithium line Li6708 A for members of well-studied
clusters: Tuc-Hor young moving group, the Pleiades, M34, Ursa Major Group,
Praesepe, Hyades, and M67 clusters.

X-ray luminosity

Firstly observed on the Sun, the stellar corona is a magnetically confined plasma
with up to several million Kelvin temperatures. It is also the primary source of
X-ray emission of a star. Corona heating is typically associated with the mag-
netic field or magnetic energy release, specifically (e.g., Erdélyi and Ballai, 2007)).
Such magnetic energy release, however, decreases with time as the rate of stel-
lar rotation slows down. Spin down of stellar rotation is an observed property
attributed to the angular momentum loss through the magnetically controlled
stellar wind (e.g., Ivanova and Taam, 2003; Tout and Pringle, 1992)). Ionized
wind particles gain high specific angular momentum as they travel outward along
spiral-shaped magnetic field lines that corotate with the star (Schatzman, [1962;
Kawaler| [1988). Thus, corona heating becomes less and less efficient, and one
would expect the X-ray emission to fall with a slowing rotation rate of stars.
Indeed such a conclusion agrees with available observations, and the relation be-
tween activity /X-ray emission and rotation rate/age is intensively discussed (e.g.,
Pallavicini et al.,|1981; Randich et al., [1996; Pizzolato et al.,[2003). Furthermore,
thanks to the available X-ray observations for a great number of stars from sur-
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veys such as ROentgen SATellite (ROSAT; Voges et all 1999), Chandra (Evans
et al.; 2010), or XMM-Newton telescopes (Jansen et al., |2001), we can also use
X-ray luminosity as an age indicator comparing stars to well-studied clusters.

Similarly, as in the previous two sections, we can create the plot of the X-ray
luminosity vs colour of members of well-studied clusters listed in |Jackson et al.
(2012)) (see Figure and compare these data with X-ray luminosities of studied
stars to obtain some age constrains. The X-ray luminosity decay is slow for the
first few hundred Myr, and we observe a scatter in luminosity in young clusters of
at least one magnitude. The scatter is then smaller for the Praesepe and Hyades
clusters. The main reason is the rotation-activity correlation (Noyes et al., 1984}
Montalban and Rebolo, 2002) and many stars in young clusters have different
rotation rates before coming to the slow-rotating sequence. In terms of spectral
type dependence, coronal activity decay follows the rotation rate changes. We
discussed in the gyrochronology section that M stars spin down slowly, and hence
for these stars, the X-ray luminosity is a poor age indicator even for older ages. As
we show in later sections, by comparing an X-ray luminosity vs colour of studied
stars to stellar clusters, we can usually use the Praesepe cluster to distinguish
between young and old scenarios. Stars with an age of several Gyr are easily
distinguishable as they typically have X-ray luminosity one magnitude or more
below the stars from Praesepe.

R’HK index

A widely used age estimator for field stars is the R’y i index, which measures
chromospheric emission in the cores of the Ca IT H and K absorption lines, normal-
ized to the underlying photospheric spectrum. Hence, it maps the chromospheric
activity similarly to X-ray luminosity maps the coronal activity. Mamajek and
Hillenbrand| (2008) showed that fractional X-ray luminosity (log(Lx/Lpo) and
log R’y are well correlated over a wide range of masses and ages for solar-type
dwarfs. However, a very important advantage of the R’y x age indicator is that
we have observational data for solar-like stars in the old M67 open cluster (~4
Gyr; |Giampapa et al., [2006]).

A decrease in chromosphere activity in time observed through the R’gx index
can be used as an age indicator. Mamajek and Hillenbrand| (2008) compiles
data of R’gx index measurements for members of stellar associations from the
literature to create empirical age-activity relations (see Figure . Based on
these data, they derived the relation in the form:

logr = —38.053 — 17.912l0g R}y ;c — 1.6675(log Ry )7, (1.2)

where 7 represents an age in years. The fit is only appropriate approximately
between logR’ gk values of -4.0 and -5.1 and logr of 6.7 and 9.9 (the approximate
range covered by cluster samples). We can see in Figure that we can distin-
guish the age of several Gyr based on the M67 cluster (~4 Gyr). Then, we are
not usually able to distinguish the Sco-Cen members (~5-15Myr) from Pleiades
(~120 Myr), but we are able to distinguish them from Hyades (~650 Myr). Fi-
nally, only in some specific locations (such as larger values of the R'pyx index),
we can distinguish Hyades from Pleiades.
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Figure 1.9: X-ray luminosity vs colour for members of well-defined clusters from
Jackson et al.| (2012)).

Membership to young associations

Coeval young moving groups (YMGs) are formed from a single molecular cloud.
In such a case, we can assume that all group members were formed in the same
environment and share similar distances, ages and metallicities, hence applying
collective parameters from these groups to each member. The members also
share similar space velocities U, V, W. We can use kinematics information, such as
proper motions, absolute radial velocities, and parallaxes for any star to determine
their space velocities and to investigate their kinematic membership in YMGs. In
recent years, Gaia (e.g., |Gaia Collaboration et al., 2018, 2021) has significantly
improved our knowledge on 3D spatial views of clusters and young moving groups
(Gagné et all 2018; |Pang et al., |2021). While determining the age of field stars
from age indicators is challenging, the membership would significantly improve
the age precision (Bell et all [2015). Various methods have been developed to
identify members of young associations. In more complex algorithms, such as
BANYAN (Gagné et al., 2018) and LACEWING (Riedel et al., 2017)), associations are
modelled with freely rotating tridimensional Gaussian ellipsoids in position and
velocity spaces. Such ellipsoids taken from (Gagné et al| (2018) can be seen in
Figure [[.1I] The regions shown in Figure also correspond to stars in the
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Figure 1.10: B —V colour vs logR’ i for members of several well-studied stellar
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Hyades, and M67. Source: Mamajek and

Hillenbrand| (2008).

young disk (Leggett, [1992)), which typically contains stars younger than 1 Gyr.
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2. Tidal interactions

This section presents a brief introduction to the theory of tidal interactions.
It is partly based on my publication [Subjak et al.| (2022]).

Observations of orbital eccentricities of EGPs reveal a decreasing trend to-
wards closer separations. It can be seen in Figure [2.1| where we plot the eccen-
tricity vs orbital period of known exoplanets. Rasio and Ford| (1996)) proposed
that tidal interactions between close EGPs and host stars may circularise the
planet’s orbits. As such interactions strongly depend on the orbital distance, it
would explain the observed trend in the eccentricity distribution. /Jackson et al.
(2008) used the tidal evolution equations to predict the initial eccentricity dis-
tribution of close EGPs from the observed one using ages of EGPs from the
literature. They found out that it matches the initial eccentricity distribution
of the general population for relatively normal values of the stellar tidal qual-
ity factor. It may suggest that the difference between the initial and observed
eccentricity distribution of close EGPs may be a result of tidal interactions.

1 T T T T T T

Eccentricity

10°
Orbital Period [days]

Figure 2.1: Eccentricity versus orbital period for the known planets characterised
by radial velocity. Data from Fontanive and Bardalez Gagliutfi (2021)).

There are several reasons why to study tidal interactions. First, the tidal
evolution equations depend on the tidal quality factors of the SSO and the star.
The tidal quality factors represent a parametrisation of the response of the body’s
interior to tidal perturbation and are quite difficult to determine theoretically.
Observations of the tidal effect can constraints these factors. Second, there are
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several interesting applications. If SSOs have eccentric orbits, we can derive
lower limits for their masses as well as upper limits for their radii if we know
one of these parameters. It is because the tidal circularisation timescale increases
with the planet’s radius and decreases with the planet’s mass. Hence, we can
obtain these limits by lowering radius or increasing mass to the point that the
circularisation timescale is equal to the system age. However, here we assume
that we already know the tidal quality factors. Third, if we observe an eccentric
planet in an old system, where one would have expected the planet’s orbit to be
already circularised, we can suspect additional interactions from another planet
or a distant companion. Finally, we expect that objects in the brown dwarf
desert can form either at larger separations and then migrate or in-situ, close to
the host star. It is crucial to measure the circularisation timescale (tidal quality
factors together with stellar and planetary parameters) as precisely as possible
to discuss how these objects form. As one particular example, we can use the
transiting brown dwarf TOI-503b (Subjak et al., 2020) with an age of ~ 180 Myr
and zero eccentricity. If the circularisation timescale for this system is larger than
its age, it would mean that the system formed at a very similar position and did
not have time to migrate and circularise.

The tidal evolution equations were mathematically modelled by several au-
thors (e.g., |Jeffreys, 1961; Goldreich, [1963; MacDonald, [1964). |Jackson et al.
(2008)) compiled useful equations rewritten to the form appropriate for close-in
SSOs. According to them, the timescale for orbital circularisation for a close-in
companion, T,, is:

L JGMIT63RY 171 RY (M2 s )1
n M, [4Q;+16Q;(M*)]“ ’ (1)

where a is the semi-major axis, G is the gravitational constant, Q) and @], are
the tidal quality factors of the star and planet, respectively. The tidal dissipation
parameters represent the ratio of the elastic energy stored to the energy dissipated
per cycle of the tide — larger values of tidal factors lead to longer circularisation

timescales. It is defined as:

1 dE
—l = - — 2.2

where Ej is the peak energy stored in the tidal distortion during the cycle,
dE/dt is the rate of dissipation and its integral defines the energy lost during the
cycle (Goldreich and Soter} [1966)). The tidal quality factor in Equation |[2.1|further
includes the Love number, the correction factor for the tidal-effective rigidity of
the body and its radial density distribution, Q' = 3Q)/2k, (Goldreich and Soter),
1966; Jackson et al. 2008). For an homogeneous fluid body ks = 3/2. The value
of Q' is difficult to estimate, and possible values span large intervals from 102
for rocky planets (Clausen and Tilgner} 2015), to 10°7® for some giant planets
(Lainey et al.l [2009), up to 10379 in case of some stars (Collier Cameron and
Jardine, 2018)), with typical scatter of several orders of magnitude.

The equation above has two components. The first depends on the tidal qual-
ity factor of the planet, and the second on the tidal quality factor of the star.
Hence, the values of these factors, together with the planet’s mass, will define
which component is significant. The first component will always be dominant for
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rocky planets. For giant planets, the first component is usually dominant, but the
second component is also becoming important with increasing mass. For brown
dwarfs, both components are important and with increasing mass, the second
component becomes dominant. In binary stars, we are interested only in the sec-
ond component. It means that while for planets, we are usually interested only
in Q; in order to study tidal interactions, for brown dwarfs, we need to consider
both Q) and @), complicating the whole process. Another important thing to
note is that the circularisation timescale in this form represents the exponential
damping of eccentricity on this timescale; hence the time needed to circularise
orbit fully is two or three times larger depending on the initial value of the eccen-
tricity. Finally, in analyses of tidal interactions, we are comparing circularisation
timescales with the ages of systems. It is justified by the assumption that the
time the planet has spent at a small orbital distance is comparable with the age
of the star. In other words, it is predicted that planets migrate inwards very early
in the lifetimes of planetary systems (Trilling et al. [1998; [Murray et al., 1998;
Suarez Mascareno et al., 2021)).

2.1 Stellar tidal quality factor

There is disagreement in the literature about the values of @, with plausible
values ranging from 10° to 10%; furthermore, even for a single system, the value
of @), may change over time as the tidal forcing changes due to the orbital evo-
lution of the system as well as stellar evolution (e.g., |Jackson et al.l 2008; |Penev
et al., |2012). Patel and Penev| (2022) used the sample of 41 eclipsing binaries to
restrict . They performed simulations of the rotation period evolution of these
systems accounting for effects of tides, stellar evolution, and loss of stellar angular
momentum via magnetic winds. They found that all stars in the sample (K-F
type stars) can be relatively well described by @’ ~ 107. |Jackson et al.| (2008)
used the tidal evolution equations to model backwards the observed eccentricity
distribution of close EGPs. They found that it matches the initial eccentricity
distribution of the general population for @’ ~ 10°°. Bonomo et al.| (2017) used
know eccentric EGPs at close orbits below 0.05 au to constrain Q' ~ 10°~7. [Penev
et al.| (2018) modelled the tidal evolution in systems with hot Jupiters based on
the rotation periods of host stars to find a dependence of ), on the tidal forcing
period and the range of possible values between @’ ~ 10°~7. The results of (Col-
lier Cameron and Jardine| (2018)) from the study of the tidal orbital decay of hot
Jupiters suggest Q. ~ 108.

2.2 Substellar tidal quality factor

There are only few brown dwarfs with published constraints on Q5 (Heller et al.|
2010; Beatty et al., 2018). Heller et al. (2010) studied the tidal interactions in
2MASS J05352184-0546085 eclipsing brown dwarf binary. They used synchro-
nisation timescales to restrict the tidal quality factor to Qzp > 4.5. |Beatty
et al.| (2018)) studied the CWW 89 system with transiting BD on an eccentric
orbit. They used the circularisation timescale to restrict the tidal quality factor
to Qpp > 4.15.
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3. TOI-503: The first known
brown dwarf-Am star binary
from the TESS mission

This section presents the paper published in the Astronomical Journal
about the discovery of the first transiting brown dwarf from the TESS
space mission (éubjak et al., [2020) (Attachment . This section aims to
derive the stellar and brown dwarf parameters as well as the orbital param-
eters of the system. Tidal interactions between the star and brown dwarf
are then considered to discuss the formation history. Finally, the system is
put into the context with the population of known transiting brown dwarfs.
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4. TOI-1268b: The youngest hot
Saturn-mass transiting exoplanet

This section presents the paper published in Astronomy & Astrophysics
about the discovery of the youngest transiting Saturn-mass planet from
the TESS space mission (Subjak et al., 2022) (Attachment . This section
aims to derive the stellar and exoplanetary parameters as well as the orbital
parameters of the system. The system parameters were then used to discuss
tidal interactions and constrain the values of a tidal quality factor for non-
inflated Saturn-mass planets. Finally, we discussed prospects for further
atmospheric studies.
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5. Search for planets around
stars with wide brown dwarfs

This section presents the paper accepted for publication in Astronomy &
Astrophysics about the population of planets in systems with a wide brown
dwarf companion (Attachment . We have spectroscopically followed up
six bright stars with known wide brown dwarf companions to search for
planets in these systems. This section aims to understand better the role of
wide brown dwarf companions on planetary systems. Our approach search
for possible peculiarities in parameter distributions of planets in systems
with a wide BD companion, comparing them to distributions of the general
planetary population.
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Summary and outlook

In this thesis, I have presented discoveries of the first brown dwarf-Am star binary
and the youngest Saturn-mass planet from the TESS space mission. Our goal was
first to characterise these systems and then study tidal interactions between the
companion and the host star. Tidal interactions provide a method to constrain
the formation and evolution history, and with a larger sample of precisely char-
acterised systems, we can expect a significant impact on the understanding of
transiting SSOs in upcoming years. The tidal equations depend on the tidal
quality factors, which are difficult to measure, and we found disagreement in the
literature with a large range of possible values. Hence, we used the TOI-1268
system to investigate tidal interactions and put constraints on the tidal quality
factor for Saturn-mass planets. We found an interval of possible values between
10*5-53, It can be expanded for objects of all masses, and it demonstrates that
with a large sample, we will be able to put robust constraints on these factors as
well as discuss how the tidal quality factor behaves as the function of different
parameters. It would help to better understand exoplanet interiors when merged
with the theoretical studies. To assess the effect of the current uncertainties on
the formation and evolution of SSOs, we used the TOI-503 system to derive the
circularisation timescale as a function of the tidal quality factors. Because of
its dependence on the tidal quality factors, this timescale can be either shorter
or longer than the system age, meaning that we cannot explicitly say how the
system formed. However, we provide preferred values for the tidal quality factor
for the star and brown dwarf, which may indicate that the system formed in-
situ. Furthermore, we also proposed that the brown dwarf can be linked with the
Am phenomenon of the host star. Studies investigating Am stars revealed that
about 60-70% of Am stars are binaries (Abt and Levy, [1985; Smalley et al.| 2014;
Carquillat and Prieur, 2007). However, all Am stars are slow rotators, and this
slow rotation is attributed to the tidal interactions with the second component
in a binary system. Hence, one would expect the binary ratio 100%. It implies
that either (1) the binarity fraction is underestimated or (2) other mechanisms
are needed to explain the nature of Am stars. Our idea is that SSOs around
apparently single Am stars are filling this gap. Indeed, the previous studies were
only sensitive to stellar companions. Additionally, several systems are known,
with Am stars hosting a giant exoplanet in a close orbit (e.g., Siverd et al.| [2018;
Hellier et al., [2019; Addison et al., [2021). We plan to spectroscopically follow up
several apparently single Am stars to search for SSOs in the future.

I have also presented results about the comparison of planetary parameter dis-
tributions between planets around single planet-host stars and planet-host stars
with a wide stellar/substellar companion. Tidal interactions are studied through
the system’s observed properties; however, as many stars are part of multiple
systems, to understand the formation and evolution of these systems, it is also
important to understand interactions between wide companions and inner plan-
ets, which can cause peculiarities in their parameter distributions. Hence, we
compiled systems with known planets from the literature and compared them
with the sample of known planets with a wide stellar companion and planets in
systems with a wide BD companion to search for possible peculiarities in their

32



parameter distributions. We observe an enhancement of planets with short peri-
ods below six days in systems with a wide stellar companion, which we interpret
as a consequence of enhanced migration inwards closer to the host star. Such a
trend was already mentioned in the literature. We also found that planets in sys-
tems with a wide BD companion follow their own eccentricity distribution with
a maximum at ~ 0.65 and usually have periods larger than 40 days and masses
larger than 0.1 M ;. Furthermore, we also observe a break at the eccentricity of 0.5
with a small number of planets with higher eccentricities in multi-planetary sys-
tems. So far, the sample is too small to make any firm conclusions. However, we
may consider expanding this sample to reveal whether parameter distributions’
peculiarities are significant.
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