UNIVERSIDADE B
U COIMBRA

UNIVERSIDADE B

COIMBRA

Mariana Isabel Caria Reis

CHEMICAL COMPOSITION OF SUPER-
MASSIVE PLANET HOSTS.
THE CLUE TO THEIR FORMATION

VOLUME 1

Dissertacao no ambito do Mestrado em Astrofisica e
Intrumentacao para o Espaco, orientada pelo Doutor Vardan
Adibekyan e pelo Professor Doutor Nuno Santos e pelo
Professor Doutor Alexandre Correia e apresentada ao
Departamento de Fisica da Faculdade de Ciéncias e
Tecnologia.

Outubro de 2021






Chemical composition of super-massive planet hosts:
the clue to their formation

Mariana Isabel Caria Reis

A thesis submitted for the degree of

Master in Astrophysics and Space Instrumentation

UNIVERSIDADE B

COIMBRA

Supervisors:
Dr. Vardan Adibekyan
Prof. Nuno C. Santos

Prof. Alexandre Correia

Departamento de Fisica
Faculdade de Ciéncias e Tecnologias
Universidade de Coimbra
October 2021






Resumo

Interligar os processos fisicos dos planetas e das suas estrelas pode revelar detalhes essenciais
sobre as condigoes ambientais da formacao dos planetas. Existe uma relacao conhecida entre a
ocorréncia de planetas gigantes e a metalicidade das suas estrelas, favorecendo a formacao destes
planetas pelo modelo de ”acre¢ao do nicleo” (core-accretion). No entanto, alguns trabalhos
recentes sugeriram que pode haver uma quebra na massa planetaria em cerca de 4 massas de
Jupiter a cima e abaixo da qual os canais de formagao planetaria sao diferentes: os planetas tipo
Jupiter formam-se via "acrecao do nicleo”, enquanto que os planetas super-massivos formam-
se por "instabilidade gravitacional”. O argumento-chave para tal conclusao é que os planetas
super-massivos foram maioritariamente detectados em volta de estrelas pouco metélicas, o que
contradiz a previsao da teoria de ”acregao do nticleo”.

Uma limitagao importante dos trabalhos mencionados é usarem a abundancia do ferro como
uma aproximacao da metalicidade global, o que pode ser pouco preciso para estrelas com pouco
ferro. Isto é maioritariamente porque estrelas hospedeiras com pouco ferro tém mostrado estar
enriquecidas noutros metais o que pode compensar pela falta de ferro nestas estrelas.

Realizamos uma andlise espectroscopica detalhada de 113 FGK estrelas hospedeiras de 96
planetas com massas abaixo de 4 Mj,, ¢ 39 planetas com massas superiores a 4 M;,, para
determinar as abundancias dos metais (C, O, Mg e Si) importantes para a formacao de exoplan-
etas. De seguida, um modelo estequiométrico foi usado para estimar a soma da percentagem de
massa de metais (Z) no disco protoplanetédrio onde os planetas foram formados. Adicionalmente,
usamos a massa das estrelas hospedeiras como uma aproximacao para o disco protoplanetirio
e ao multiplicd-la com o Z estimamos a quantidade total de metais no disco relevantes para a
formagao de planetas massivos. Ao realizar um teste de Kolmogorov-Smirnov mostramos que
os sistemas com planetas gigantes e super-gigantes tém distribuicoes semelhantes de Z x My
0 que sugere um mecanismo de formagao comum para as duas populagoes de planetas. Adi-
cionalmente, encontramos que o Z ¢ significativamente maior em sistemas com qualquer tipo
de planeta gigante quando comparado com estrelas sem planetas detectados. Este resultado
leva-nos a sugerir que o mecanismo de formagdo mais provavel para a formagdo de planetas

massivos e super-massivos € a ”acrecao do ntcleo”.
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Abstract

Linking the physical properties of planets and their host stars can reveal essential details
about the environmental conditions for planet formation. There is a known relationship between
giant planets occurrence and metallicity of their host stars, which favors the formation of these
planets via so called core-accretion model. However, some recent works suggested that there
might be a planetary mass breakpoint at about 4 Jupiter masses above and below which planet
formation channels are different: the Jupiter-like planets form via core-accretion, while the super-
massive planets form through gravitational instability. The key argument for such a conclusion
is that super-massive planets are mostly detected around metal-poor stars, which goes against
the predictions of core-accretion theory.

An important limitations of the aforementioned works is that iron abundance was used as
a proxy for overall metallicity, which might be inaccurate for stars with low iron content. This
is mostly because iron-poor planet host stars have been shown to be enhanced in other metals
which could compensate for the lack of iron in these stars.

We performed a detailed spectroscopic analysis of 113 FGK-type stars hosting 96 planets
with masses below 4 M;,,;, and 39 planet with masses above 4 Mj,, to determine the abundances
of the metals (C, O, Mg, and Si) important for exoplanet formation. A stoichiometric model
was then used to estimate the summed mass percentage of metals (Z) in the protoplanetary
discs where these planets formed. Additionally we used the mass of the host stars as a proxy
for protoplanetary disk and by multiplying it with Z we estimated the total amount of metals in
the disk relevant for the formation of massive planets. By performing a Kolmogorov—Smirnov
test we showed that the systems with giant and super-giant planets have similar distributions
of Z x My which suggest a common formation mechanism for the two populations of planets.
Additionally, we found that Z is significantly larger in systems with any type of giant planets
when compared with stars without detected planets. This result led us to suggest that the most

probable mechanism for the formation of massive and super-massive planets is core-accretion.
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Chapter 1

Introduction

An exoplanet, which is short for extrasolar planet, is a planet that orbits a star other than the
Sun. Most exoplanets orbit a star, but there have been detected free floating massive exoplanets,

which are usually called rogue planet (Rebolo et al., 2000). The first exoplanet orbiting around a
solar-type star was discovered in 1995 (Mayor and Queloz, [1995). This object had about half the
mass of Jupiter and an orbital period of 4 days, surrounding a solar type star, 51 Pegasi
and Queloz, [1995)). The companion of the 51 Peg was not predicted by any of the giant planet

models of the time, and its detection prompt the search of diversity in planetary formation sites.
This finding was significant enough to earn the authors a Nobel Prize in 2019, and it sparked a
whole new field of research in astrophysics: the study of exoplanets, which includes numerous
branches ranging from detection to characterisation.

1.1 Exoplanet detection methods

As of April 2021, there are 4718 planets discovered (3489 planetary systems and 772 multiple
planet systems) and 2489 candidates awaiting for validation (Schneider et all, |2011[)H There
are several methods of detecting exoplanets. Detecting exoplanet via direct observations is very

difficult, as such the majority of the planets have been detected via indirect methods.

Figure 1.1: Direct imaging exoplanets detections surrounding HR8799 obtained with Hale telescope. SOURCE:
Marois et al.| (2010)

An example of direct method is imaging, which corresponds to blocking the light from

the star, using coronagraphs, leaving the planet visible, in order to try and get an image of

"http://exoplanet.eu/
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the planet’s own light source, by thermal emission. The difficulty in this method is that the
exoplanet hosts are million of times brighter than their planet, and given their small size and
dim light, exoplanets are easily lost in its stellar glare (Wright and Gaudi, 2013). This method
is more efficient in finding giant exoplanets with wide orbits surrounding faint stars, but overall
this technique is not very effective in detecting exoplanets. An example of exoplanets found
through this method are the planets detected around the star HR8799, figure

One of the most used indirect method is the Doppler Radial Velocity (RV) method.

Stars and planets move in regard to a common center of mass. The star’s "'wobble’ movement
and velocity varies in consequence to the planet’s mass and proximity to the star (Wright, [2018).
The RV method measures the displacement of the star’s spectral lines due to the Doppler
effect, enabling the possibility to confirm the presence of a planet or system and some of its
characteristics, for instance the planets minimum mass (Lindegren and Dravins, 2003)). A visual
representation of the method is shown in figure [1.2] where we see the movement and respective
spectra received by ground-based spectrographs on Earth.

Radial Velocity Method

The star and planet orbit their common center of mass.-

Spectral lines move Spectral lines move
towards the red as the star towards the blue as the,
travels away from us. "y star travels towards us.

- ) E ‘ “x

¥

As the star meves away from-us,

light waves leaving the star are :

"stretched" and move towards the ) As the star moves towards us: .-
red.end of the spectrum. R light waves leaving the star are-

) . - "compressed” and move towards

Planet the blue end of the-spectrum.

® Center of Mass .
Star - .

Not to scale

Figure 1.2: Radial velocity method diagram. SOURCE: Las Cumbres Observatory

Another widely used and efficient indirect method is the so called Transiting method. A
transit occurs when a celestial body passes in between a larger stellar object and the observer.
As the planet passes in front of the star, the light curve will show a dip in brightness, dependent
on the size of the star and planet (see Figure . This method is only possible when the Earth,
the planet and the star are in near-perfect alignment, as the angle of the orbital planet can have
a few degrees and still get detected (Henry et al., [2000), which makes the probability of seeing
a planet in this condition low. Observing a transiting planet makes it possible to obtain some
parameters of the planet, such as the radius of the planet and if for instance there is information
of the full transit, the orbital period (Charbonneau et al., |2000]).



1.1 Exoplanet detection methods

Brightness

Time

© Hans Deeg

Figure 1.3: Representation of a transiting exoplanet and the respective light curve. SOURCE: |[Deeg and Garrido
(2002])

Another detection method worth mentioning is the Astrometric method. While the number
of exoplanets detected via astrometry - which consists in the measurements of the positional
change of the star due to the gravity of exoplanet (see Figure - is not large, the GATA
mission (Gaia Collaboration et al., 2016) is expected to detect thousands exoplanets with this
method (Perryman et al., [2014). This technique requires a high level of precision in order to
obtain accurate parallax measurements, which is extremely difficult to obtain from the ground,

making this mission necessary to detect exoplanet in this means.

unseen astrometric
companion

Reflex mation of the
stellar component due to
the unseen astrometric
companion

LS,
------

.....
‘‘‘‘‘

Binary separation with an astrometric

companion (changes periodically) Binary separation without an

astrometric companion

Binary - Orbit  ———-

Figure 1.4: Schematic of how the astrometric detection method works. SOURCE: Astrophysical Institute and
University Observatory

There are several other methods for detecting exoplanets, but the RV and Transiting methods
correspond to the majority of exoplanets detection methods discovered until today.
In figure there are two visual representation of the exoplanets discovered up until 2021
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and their respective detection method, per year (left panel) and in mass-period diagram (right

panel).
Detections Per Year Mass — Period Distribution
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Figure 1.5: LEFT PANEL: Histogram with the number of exoplanets detections per year differentiated by each
detection technique. RIGHT PANEL: Mass-period diagram of the exoplanets discovered specified by each detec-
tion method. SOURCE: Pre-generated exoplanet plots from the NASA exoplanet archive.

From the left panel of Figure [I.5] we notice a clear effectiveness toward transits and radial
velocity detection methods for the discovery of most exoplanets, until now. The mass-period
diagram (right panel) contains valuable clues about the formation and evolution processes of
the detected planets, despite the figure having selection effects and observational biases. From
that diagram we can see that the planets are clustered in three main clusters: hot super-Earths
(planets with low masses and short periods), the Hot-Jupiters (planets with high mass and short
period) and ice giants, (massive planets with long orbital periods). We can also notice a lack of
giants planets in between hot-Jupiter and ice giants with periods ranging from 10 to 100 days.
The gap in the Mass-Period diagram is called "Period Valley’, the origin of which is thought
to be related with disk migration of relatively massive planets (Udry et al. [2003) or selection
effects (Wittenmyer et al. 2010]).

1.1.1 Characterization of exoplanets

One of the main characteristics of planets is their mass. If the host mass is known, the
Radial Velocity method allows to determine M sini i.e. the minimum mass of the planet. In
the case of transiting planets, the orbital inclination (i) of the system can be estimated which
together with the RV measurements allows to determine the true mass (Cumming et al., 2008)).
Unfortunately, the number of planets with both RV and transiting observations is not large, and
for most of the so far detected planets only the minimum mass is available. The true mass of
planets can also be determined for multi-planetary systems with the so called Transit Timing
Variation technique (e.g. Nesvorny and Morbidelli, [2008). However, the number of such systems
is not large as well.

The radius is another very relevant propriety of exoplanets. As previously mentioned, when
the planet is discovered through transits methods, the planet radius can be measured from the
dip in brightness seen in the light curve. The dip is proportional to the star to planet radius
ratio. If the radius of the host star is known, the planetary radius can be determined from the
light curves.



1.1 Exoplanet detection methods

30- + | ¢
"
E 104
(7]
E
o
®
o'
1_ s
1 10 100 1000 10000
Mass (Mg)

Figure 1.6: A mass-radius diagram of the discovered exoplanets from exoplanet.eu database with the mass and
radius determination better than 30%.

The mass-radius relation displayed on Figure [I.6] shows two different behaviours, up until
around 100 Mg, the mass and radius increase more or less in proportion with each other. On the
other hand, from 100 Mg on we notice that the radius stays mainly constant despite the mass
growth. In other words, we notice a transition mass where there is a change in the functional
form of the mass-radius relation.

Different works adopt different mass limit to group exoplanets (e.g. . We refer
the reader to for an interesting discussion about the categorization of planets
by their composition. However, in most cases planets are grouped into low mass planets, gi-
ant planets, and super-massive planets. The low mass planets are the planets with Earth-like
compositions (sometimes called super-Earths) or planets similar to Neptune in mass. The gi-
ant planets are the large ones predominantly made of gas or ice and have masses of around the
Jupiter mass. Finally, the super-massive ones are the planets with mass significantly higher than
Jupiter, but are less massive than 13 M, which is the lower mass limit for Brown Dwarfs (BD)

(e.g. Saumon et al., [1996). Interestingly, the occurrence rate of these three groups of planets

show different dependences on the metallicity of their host stars (e.g. |Adibekyan 2019)).

Besides their mass and radius, there are many other properties that characterize exoplanets,
for instance, the eccentricity, the orbital period, the semi-major axis. All of this properties
together provide valuable information about the exoplanet itself and the system. The exoplanet
community, in particular exoplanet formation modelers are aimed at reproducing the aforemen-

tioned statistical properties of planets.

1.1.2 Planet formation scenarios

Exoplanet research is fairly recent. The recent advancement of exoplanet-detecting tech-
nology allowed for the detection of a much greater diversity (Figure and of exoplanet
properties than was previously expected. These discoveries prompted the need to revise and im-
prove planet formation theories. There are two main theories proposed to explain the formation
of exoplanets: core-accretion (CA) and gravitational instability (GI).
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1.1.2.1 Core-Accretion

In the classical core-accretion paradigm, low-mass planets and cores of massive planets are
formed from the accretion of solid planetesimals (Pollack et al., |1996)). This planetesimals are
made by the sedimentation and coagulation of small dust grains in the protoplanetary disks
(Wetherill and Stewart), [1989; Lissauer} [1993). In the core-accretion scenario, if a protoplanet
acquires enough solid mass to be able to undergo runaway accretion of gas while the proto-
planetary disk is still not dissipated, then a giant plant is formed. If the protoplanet grows
slowly, it will not have enough time to accrete gas and will remain a low-mass rocky planet.
This critical mass for the cores of giant planets is about 5-10 Mg (Ikoma et al., [2000; Mordasini
et al., 2014; Hasegawa and Pudritz, [2014)), at this point the pressure gradient in the atmosphere
of the planet cannot hold its own gravity and collapses (Ida and Lin, 2004al). Then the core
suffers accretion of disk gas and giant planets are formed. Gas accretion is a relatively quick
process and can happen before the gas in the disk is depleted, either globally or locally (Ida
and Lin| 2004a). The protoplanetary disk lifetime is of 1-10 Myr, which is about the same as
the estimated timescale of giant planet formation in this scenario (Alibert et al., 2005). The
timescale is therefore a potential issue for this theory, where the formation of the core is what
conditions such high timeline. In the core-accretion models, the formation efficiency of giant
planets depends on the metallicity of the protoplanetary disk. This is because the higher the
amount of dust particles (metals) in the disk, the faster the growth of the cores to reach the
critical mass for giant planet formation. The lack of planets observed in Figure [1.6| with masses
between 10-100 Mg, 'planetary desert’; is explained in this theory. Since the runaway gas ac-
cretion is relatively quick, planets that reach the critical mass of about 10 Mg very quickly
increase their masses to greater than 100 Mg (Ida and Linl 2004a)). The recent core-accretion
models also take into consideration the migration of planets in the disks and the formation of
gaps (Mordasini et al. 2012).

1.1.2.2 Gravitational Instability

Gravitational instability being thought to have a contribution for the formation of massive
planets, was first introduced by (Kuiper, 1951)). In this theory, the stellar disk had to be
massive and cool enough to become gravitational unstable (Boss, 1998)). The instabilities lead
to the formation of self-gravitating clumps of gas and dust (Boss, 1998). This process of disk
fragmentation is fast and can operate even in short-lived disks (Boss, [1998)). It was thought that
gravitational instability in more metallic environments could actually ”suffocate” the growth of
the planet formation clumps (Boss| [2002). The reason for this being that the higher metallicity
implies higher optical depths, more efficiency at capturing radiation, and consequently higher
temperature (Boss, [2002). However the results of Boss| (2002) do not show a dependence on the
stellar metallicity.

Tidal Downsizing (TD) (e.g., Nayakshin et al., 2011; Nayakshin| 2014)) is a variation of the
classical gravitational instability model with some elements (e.g. disk migration) traditionally
used in the CA models. Per TD the clumps of gas formed in the outer region of the disk by
gravitational fragmentation, migrate inward, accumulating solid cores in their interior (Vorobyov
and Elbakyan, 2018). As they migrate, they start losing some or even all of its gas atmosphere
and overall mass due to stellar tidal torque (Vorobyov and Elbakyan, 2018|). The final output of
this process depends on many factor and can lead to the formation a giant planet, an ice planet
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or even a terrestrial planet (Nayakshin, 2017).
The CA model of Mordasini et al.| (2012) and the TD/GI model of Nayakshin (2016) are
already able to reproduce many observed properties of the detected exoplanets. However, current

exoplanet formation hypotheses still leave a lot of issues unresolved.

1.2 Exoplanet host stars and their metallicities

Planets and their host stars are formed in the same molecular clouds, therefore many of their
properties are related to the environmental properties where they are formed. An example of this
being the chemical composition of some mineralogical abundance ratios, for instance the [Fe/Si]
or [Mg/Si] that are expected to be similar in rocky planets and their host stars
2010; [Thiabaud et al. [2014; Dorn et al., 2015). Studying and characterizing the planet host
stars allows for the characterization of the planets (Adibekyan et al. 2018) as well as provides

information about their formation and evolution (Mayor et al., [2014).

Based only on a sample of a few giant planets, Gonzalez (1997) found that these planets are

mostly orbiting around metal-rich stars. Now known as the giant planet - metallicity correlation
(e.g.,[Santos et all, 2001} |2004; |[Fischer and Valenti, 2005; Johnson et al.,|2010; Sousa et al., 2011}
Buchhave et al., [2012; [Mortier et al., 2013)). This correlation is important because it shows a
intimately relation between the frequency of giant planets and metallicity which is apparently
not the case for low-mass planets (see Figure (e.g. Sousa et al., [2011])
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Figure 1.7: LEFT PANEL: metallicity distribution of giant planet hosts detected by RV (light blue) and Transit
methods (dark blue) and stars with no planets (red) with the respective KDE fits of the cumulative distribution
of the metallicities. RIGHT PANEL: Giant planet frequency dependence on the stellar metallicity with different

functional forms of planet occurrence - metallicity relation. SOURCE: |Adibekyan| (2019)

The left panel of Figure [I.7] shows the metallicity distribution of giant planet hosts detected
through transit (dark blue) and RV (light blue) planet detection methods and stars with no
planets (red). This graph clearly shows that stars with no planets are on average less metallic
than host of giants planets. Another interesting factor is that the different detection method
do not affect the metallicity relation. The right panel shows the dependence of giant planets
with the stellar metallicities with the functional form of the planet occurrence and metallicity
of different works (Fischer and Valenti, |2005; |[Udry and Santos|, 2007; Johnson et al., 2010).
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The figure shows a clear exponential increase of giant planet frequency with metallicity for stars
with metallicities above about -0.2 dex. Bellow that metallicity there is still a question on the

metallicity - planet occurrence functional form, being it constant or exponential.
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Figure 1.8: Metallicity distribution of low-mass planet hosts stars (light blue) and stars with no planets (red)
with the respective KDE fits of the cumulative distribution of the metallicities. On the left panel there is only
represented the stars that host only low-mass planet, on the right panel all hosts with low-mass planets. SOURCE:
Adibekyan| (2019)

On the Figure there are two similar plots that show the fraction of low-mass planets
hosts with metallicity. On the left panel, there are only plotted stars that only host low-mass
planets and field stars (star without planets) and we notice that there is not a statistically
difference between their metallicities. On the right panel, it is also included hosts that have
bigger mass planets, and now we notice a slighter higher average metallicity when compared to
the field stars. These plots reinforce that the giant planet occurrence and metallicity relation
does not appear to hold for low-mass planets hosts.

There have been two main hypothesis to explain the origin of the metal excess in massive
planet hosts. The first one being the self-enrichment scenario, also know as pollution (e.g.,
Murray et al., |2001)), where the material from outside the disk is sweep into it polluting the
outer convective envelope of the star (Gonzalez, 1997). The cause for this possibly being that
during the inward migration of giant planet, the metal-rich material was dragged along. The
second, and currently accepted scenario is primordial origin (e.g., Santos et al., 2004)), where the
high metallicity in the host stars simply implies a higher efficiency of giant planet formation.

The aforementioned correlation between metallicity and giant planet occurrence rate suggests
that the core accretion hypothesis is the most likely explanation for the planets discovered.

1.3 Characterization of planet host stars

To analyse the stellar properties of a star, from getting the stellar parameters to attaining
its chemical composition, one can make use of spectroscopic methods. The physical processes
behind and a spectroscopic procedure are explained further in this section.
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1.3.1 Spectroscopic methods of determining stellar parameters and abun-
dances

In order to obtain the chemical composition of a star with a spectroscopic analysis there is
a need to establish some basic principles first. Stellar parameters or chemical abundances are
obtained from the examination of the absorption lines of the relevant chemical elements in the
stellar spectrum. Absorption lines are the result of bound-bound transitions between discrete
energy levels in atoms and molecules, which absorb photons with a defined energy therefore
decreasing the intensity of the radiation field (blocking the light) at specific wavelengths (Allende
Prieto, [2016). Chemical abundances are influenced by line formation and stellar atmosphere,
given the two are tightly bound. Spectral lines influence the atmosphere structure by blocking
and redistributing the radiation, and in contrast the atmosphere structure is what controls the
properties (shape and strength) of the spectral lines (Allende Prieto, 2016]).

In order to acquire precise stellar parameters and abundances from the measurement of
absorption lines, high resolution spectra and high SNR (signal-to-noise ratio) are required. One
of the reasons being that with high resolution, the instrumental broadening of the lines is less
prominent from other widening effects, allowing for the disentangling of blending lines and better
placement of the continuum (Nissen and Gustafsson, 2018|). The strength of the absorption lines
is impacted by the temperature and pressure. At the same time, for a given temperature and
pressure, the strength of a unsaturated line is proportional to the number of absorbers. Therefore
by measuring unsaturated absorption lines, we can reckon the column number density of the
absorber, which is what caused the line to be formed in the first place (Allende Prietol 2016).
Thus the aim is to derive the number of absorbing atoms responsible for a given line in order to
then be able to compute the total abundance of such element (Allende Prieto, 2016)).

In deep layers, stellar atmospheres are optically thick, where Local Thermodynamic Equilib-
rium (LTE) holds, which allows to know the radiation field from the gas temperature (Allende
Prieto), [2016). In LTE it is assumed that each volume element is thermally at equilibrium at
a certain temperature Teff. However, the volume elements are not closed systems, since there
are photon interactions, but as long as the photon absorption does not disrupt the equilibrium,
LTE remains valid. In LTE each upward transition and radiative excitation and ionization,
has the opposite process taking place at the same rate, to achieve equilibrium, also known as
detailed balance (Allende Prietol [2016). Under LTE, the stellar line strength and shape, that
depends on the thermodynamic structure, influences the ionization and excitation of the atoms
and molecules, as well as the thermal and collisional broadening (Allende Prieto, |2016).

In order to evaluate the radiation field, one has to calculate the radiative transfer and
determine its role in the energy balance, this being crucial for computing model atmospheres
(Allende Prieto, [2016). The most widely used types of model of atmospheres are the 1D-LTE
models. The more realistic models - the 3D-nLTE (non-LTE, departures from LTE) models -
are being developed recently. 1D models of atmospheres can have a plane-parallel or spherical
geometry for each layer of the atmosphere (Jofré et all 2019). NLTE models are especially
relevant to use when working with hot or metal-poor stars, in order to acquire accurate results.

Given that matter and radiation are coupled locally in LTE, the level population of a given
element in LTE may be easily calculated from the local gas temperature using Boltzmann and
Saha distributions, which considerably simplifies the matter (Asplund, 2005).
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1.3.1.1 Determination of stellar parameters and abundances

There are two primary approaches that are often employed to obtain spectroscopic stellar
parameters. The first one called spectral synthesis method, in which a synthetic theoretical
spectra is produced and compared against the observed spectrum, where the best fit determines
the final parameters. The second technique is the Fquivalent Width (EW) method, which is based
on a line-by-line analyses of the observed spectra. In the later method, the EW of spectral lines
are measured and converted into abundances. In this work, we used the ARESE-] tool (Sousa
et al.| [2007al), more specifically ARES v2 (Sousa et al., 2015) to measure the EWs of the spectral
lines automatically. ARES stands for Automatic Routine for line Equivalent widths in stellar
Spectra (Sousa et al., [2007b; Sousa, [2014; [Sousa and Andreasen, [2018)).

The EW method is only viable in the case that the individual lines can be accurately isolated
otherwise the results may be unreliable for those lines. ARES recent version (ARES v2) takes
into account the radial velocity (RV) correction, so it is not necessary for the user to correct
the RV of the spectra beforehand (Sousa et al., |2015). Another advantage of ARES is the
automatic parameterization of the continuum level which is relevant in order to get consistent
and reliable results. For the measurements of the EW, the definition of the profile function to
better fit the lines takes into account the strength of the line. A Gaussian profile fits better
weak absorption lines, however with stronger lines it is usually preferred a Lorentzian profile
or even a Voigt profile, but these latter type lines should be avoided (Sousa, 2014; Nissen and
Gustafsson, 2018]). ARES employs a Gaussian fit to the spectral lines (Sousa et al., |2015), which
are latter studied with a radiative transfer calculation and a model of atmospheres as described
in Jofré et al.| (2019)).

Iron is a very important element which has many lines and high abundance in solar-type
stars (Nissen and Gustafsson) 2018). Using the EW method on the Fe lines allows to obtain
the stellar parameters, which are the effective temperature (Teff), surface gravity (logg), and
metallicity ([Fe/H]). For 1D plane-parallel model of atmosphere, there is the need to account for
the micro-turbulence (vy,,) of the stellar atmosphere, specially when using partially saturated
lines (Nissen and Gustafsson, [2018]). The reason for this being that this small scale turbulence
motion of particles can induce excessive line broadening (Jofré et al., 2019).

The EW measurement obtained from ARES are transformed into individual line abundances
with the use of a radiative transfer code MOOGE] (Sneden|, 1973). MOOG makes use of stellar
atmospheric models that can assume or not an LTE approximation. MARCS modelﬁ (Gustafs-
son et al.; 2008) and ATLASEE] (Kurucz, |1993)) are the two primary 1D atmospheric models that
consider LTE approximation. For this work, we made use of MARCS model, which is a 1D grid
of hydrostatic, plane-parallel and spherical LTE model atmosphere.

To acquire the final parameters, there is the need look into the atomic data of the spectral
lines. The choice of the lines and the respective parameters to use, can heavily influence the
result. When doing the line selection for each element, it is wise to select lines that have
different wavelengths and excitation potentials spread in a wide range of the spectrum, as well
as lines in different ionization stages (Jofré et al., 2019). The line list consists of EWs, the

2https://github.com/sousasag/ARES

%https://www.as.utexas.edu/~chris/moog.html

“https://marcs.astro.uu.se/

Shttps://www.stsci.edu/hst/instrumentation/reference-data-for-calibration-and-tools/astronomi
cal-catalogs/kurucz-1993-models
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excitation potential (E.P.) and the oscillator strengths (log gf), which are necessary for MOOG
to calculate the individual line abundances. The oscillator strengths are hard to accurately
constraint, consequently, its uncertainty can propagate and heavily influence the precision of the
spectroscopic parameters and/or abundances derived (Sousal [2014)). The use of a differential
analysis approach can assist in overcoming the log gf uncertainties. This method compares
stars of similar kind with well-known parameters, for FGK dwarfs stars it is usually the Sun,
and recomputes the log gf using an inverse analyses (Sousa, [2014). When done correctly, this
method decreases atomic parameters and EW measurement errors, but, when the stars diverge
from the benchmark star, the results degrade (Sousa, [2014).

Getting the stellar parameters from the EW method is an iterative process where each
parameter is adapted until there is reached an excitation and ionization balance and there are
no correlation present. This process can be made automatic by using a proper minimization
method. The iteration starts with a model of atmospheres being formed with semi-arbitrary
stellar parameters, from which, together with the EW measurements of the Fe lines, MOOG
computes them to get the individual lines abundances. If ionization and excitation balance is
not reach, the loop continues with new input parameters being chosen in relation to the MOOG
output. The final Teff is chosen in a way to not have the iron abundance being dependent on
the excitation potential, while the log g is chosen so that there is agreement between the Fel
and Fell lines (Nissen and Gustafsson, 2018). log g has a smaller effect on the spectrum when
compared to the Teff, which makes it more difficult to constraint spectroscopically, however it
can be obtained through other methods if needed (Jofré et al.l 2019)). The vy, is related with
the saturation of the stronger iron lines (Sousa, 2014)), and is derived in such a way that the
iron abundance is independent of the line strength (Jofré et al. 2019). When excitation and
ionization balance is achieved, the final input parameters used for the model of atmosphere
correspond to the final stellar parameters for the star. For more details with an example and
explanation on how to change each parameter to achieve the final stellar parameter I refer the
reader to the practical example of [Sousal (2014).

The approach to get the final abundance is simpler than the one used to calculate the stellar
parameters as no iteration loop is needed. The line list contains information about the spectral
lines of the selected elements. The model of atmosphere is calculated with the stellar parameters
that have to be previously determined. Based on the input parameters (line-list and model of
atmospheres) the abundances of the individual elements can be determined by using MOOG. In
case of elements with several spectral lines, the average abundance is usually considered.

1.3.2 Metallicity in astronomy

In astronomy the term ’metallicity’ is widely used, for instance, in a star composition a
‘metal’ is any element that is not hydrogen or helium. To be precise, metallicity corresponds to
the mass fraction of all metals heavier than helium, Z (McWilliam, 1997)).

Because the atomic abundances of diverse metals in stars differs by several orders of magni-
tude, a logarithmic scale is more convenient to depict. Atomic abundances are usually defined
in terms of H, which is set as log e(H) = 12. This implies that the atomic abundance of a certain
element M is where the M and H represent the number of atoms of a certain element M and
hydrogen, respectively.
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log(e(M)) = logo(M/H) + 12 (1.1)

Considering X and Z the mass fraction of hydrogen and metals, respectively, the metallicity
of a given star [m/H] can be determined using equation (1.2)), which by definition is calculated
in regards to the solar’s metallicity.

Z Z
H] =1 -] -1 — 1.2
/) <o () tos (%) (1.2
Deriving the atomic abundances of all metals for a given star is very difficult, because such

data is not available for all elements. Therefore in stellar astrophysics, the iron content [Fe/H]
is used as a proxy of the overall metallicity, equation [I.3]

[m/H] = [Fe/H] = log <1;;>* —log (?)@ (1.3)

Iron is used because solar-type stars present multiple strong iron lines making it easier
to measure it effectively, despite it not being the most abundant 'metal’. It is important to
note that using iron abundance as a tracer for the overall metallicity assumes that other metal
abundances change in the same proportion as iron content. In other words, it assumes that the
heavy metal distribution of a star is the same as the sun, which is well justified for solar type
stars. Metal-poor stars, on the other hand, do not necessarily follow this distribution as they
are usually enhanced in « elements (Aller and Greenstein, |1960; Wallerstein, |1962; Fuhrmann,
1998; [Reddy et al.l 2006; |Adibekyan et al., 2012} 2013; Recio-Blanco et al. 2014)) and therefore
the metallicity has to account for an a-enrichment correction (Y1 et al. 2001). a-elements are
elements whose most abundant isotopes are integer multiples of 4, which is the mass of helium
nucleus (the « particle).
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Chapter 2

Motivation

In this thesis, we will conduct a spectroscopic investigations of giant planet hosts with
the goal of understanding how they are formed. In particular, the goal of this work is to
understand whether the super-massive planets can be able to form with the CA model. This
work is motivated by the two recent works that obtained somehow contradictory results about
the formation of very massive planets. Below, we present the main findings of these two works:
‘Santos et al. (2017b) and |Adibekyan| (2019).
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Figure 2.1: Mass distribution of giant planets with solar type-stars hosts, in linear (BOTTOM PANEL) and
logarithmic (TOP PANEL) scale. The blue includes only the study sample and the green corresponds to all the
planets in exoplanet.eu database. SOURCE: [Santos et al. (2017b))

In the work of Santos et al.|(2017b)), the characteristics of the mass distribution of giant planet
with solar-type hosts were examined in search for more hints into their formation process. The
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authors selected stars that have the Teff, log g, [Fe/H] and mass listed in SWEET-Cat and visual
magnitudes lower than 13. Hosts with effective temperature in between 4000K and 6500K were
selected. Also they selected the planets with mass between 1 and 15 Mj,,;,, with orbital periods
between 10 days and 5 years. The reasoning behind this selection is detailed in the paper, but
in summary, the authors aimed at selecting massive planets orbiting around FGK stars with
precisely determined stellar properties.

When analysing the distribution of the mass of giant planets (see Figure [2.1)),
noticed a possible mass breakpoint at about 4 Mj,,. This was seen both when looking
only at the restricted sample and at the full sample of planets extracted from the exoplanet.elﬂ

database (Schneider et al., |2011). In logarithmic scale this breakpoint in mass is seen as two

maxima separated by a valley, while in the linear scale it is observed as a change of the slope of
the distribution.
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Figure 2.2: Metallicity distribution for stars with giant planets in different mass regimes, separated by 4 different
stellar masses regimes (all stars, My > 1.5M), 1.0Mg < My < 1.5M and My < 1.0M). SOURCE:

ot

The author then compared the metallicity distribution of the planets hosts dividing then
into host of planets with masses above and bellow 4 Mj,;,. They also divided the hosts into
3 stellar mass groups: low-mass stars with My < 1.0M(), intermediate stars with 1.0Mg) <
My < 1.5M¢) and massive-stars with My > 1.5M). As the authors found, and as showed in in
Figure[2.2] in all the mass regimes the stars hosting super-massive planets had on average lower
metallicity than the stars hosting Jupiter-like planets. Another interesting thing the authors

"http://exoplanet.eu/catalog/
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noted is the hosts of massive planets (M, > 4Mj,;) span a wider range of metallicity regardless
of the stellar mass regime studied.

The authors then performed a clustering analysis between planet mass and metallicity, with
the assumption of two distinct clusters using a Gaussian mixture (see Figure. The algorithm
split the data into two categories: higher and lower mass planets, with lower mass giants having
a narrower range of mass and metallicity when compared to massive planets hosts. An offset of
0.14 dex between the center of the clusters was observed, making the lower mass giant planets

hosts more metallic on average.
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Figure 2.3: Planet mass against the stellar metallicity of the study sample, and the plot repeated after a Gaussian
mixture is applied (BOTTOM PANEL). SOURCE: |Santos et al.| (2017b)

The authors proceeded to do some statistical tests in between the planetary mass regimes,
for different stellar mass regimes and also provided a comparison with field stars (i.e. stars
without planets) in the solar neighbourhood. They found a statistically significant difference
between the lower mass giant hosts and the field stars, however, when comparisons are made in
between the massive planets hosts and field stars they found similar results.

Based on the observed correlations, the authors concluded that up until 4 Mj,,, given the
increase of planet formation with metallicity, core-accretion is most likely to be the mechanism
responsible for the formation of these planets. As mentioned in the introduction, the core-
accretion paradigm predicts a clear dependence between metallicity and giant planet formation,
since the more metallic the disk is, the more likely a giant planet to be formed in CA. On the
other hand, as the planetary mass increases, there is not as clear dependence on metallicity,
which may point towards gravitational instability being the main formation mechanism of these
planets. These results imply that there is a planetary mass limit (~ 4M,;) above which core-
accretion no longer dominates the formation of giant planets. However, there is likely an overlap
of the two different population.

The author also suggested that core-accretion could still be responsible for the formation of
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2. MOTIVATION

massive planets My > 4Mj,,, simply by bigger disks being able to form higher mass planets,
despite the lower metal content. However, they also denote that in such case, the model would
then have to explain the change in regime at around the break-point mass and furthermore
explain how hosts of massive planets are compatible with field dwarf distribution, which is not

seen for lower mass giants.

In summary, Santos et al.| (2017b]) provided an observational evidence for the existence of

two different population of giant planets with a break point mass of ~ 4M},, above and below

which the planet formation scenarios might be different.

'Schlaufman| (2018)), also looked at the issue of the formation of massive planets via CA. The

author reached to a conclusion similar to the one of [Santos et al.| (2017b) i.e. giant planet with

masses below 4 Mj,,, are formed via CA, and the planets with masses >~ 10M;,, are formed
via gravitational instability.

1.0 = Hosts of 'super-giants' (SWEET-Cat) (115)

= = Giant hosts of 'super-giants' (SWEET-Cat) (43)
= Dwarf hosts of 'super-giants' (SWEET-Cat) (72)

— Haosts of giants (SWEET-Cat) (430)

== Giant hosts of giants (SWEET-Cat) (36)

0.8 ... Dwarf hosts of giants (SWEET-Cat) (391)

— Single dwarf stars (976)

Single giant stars (553)
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Figure 2.4: KDE fit of the cumulative metallicity distributions of hosts of giant planets (50Me < Mp < 4Mjup)
(red) and hosts of ’super-giants’ (4Mju, < My < 20Mjy,) (blue) and field stars on the solar neighbourhood
(black). Dwarf hosts (Mx < 1.5M()) correspond to the dotted lines and giant hosts (Mx > 1.5M) to the
dashed lines. SOURCE: [Adibekyan| (2 h

In a different analyses, |Adibekyan| (2019) examined the metallicity distribution of giant

and super-giant planet hosts (see Figure by separating the mass of hosts stars into giant
(Mx > 1.5Mg) and dwarf (My < 1.5Mc) hosts. The author found that on average the
field dwarf stars (without planets) have the lowest metallicities, while the hosts of ’super-giant’
planets, and especially, hosts of giant planets are more metallic. However, these differences
were not statistically significant. When comparing the metallicity of single giant stars to that
of giant hosts of ’super-giants’ planets, it is interesting to note that single giant stars have a
slightly higher average metallicity than giant hosts of ’super-giants’ planets, with giant hosts of
giant planets being the most metallic of the bunch. Finally analysing the dwarf stars, there is

a statistically significant difference between dwarfs without planets and dwarf stars hosting any
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type of giant planets. There is not a significant difference between the dwarf host of ’super-giant’
and giant planets. This result suggests that metallicity, regardless of planet mass, may play an
essential role in the formation of giant planets.

4.0 e Field stars (1529)

® Hosts of giants (SWEET-Cat) (431)
L] @® Hosts of 'super-giants' (SWEET-Cat) (113)

3.5

Figure 2.5: Stellar mass and metallicity dependence of hosts of giants (red) and super-giants (blue) and solar

neighbourhood field stars (black). SOURCE: |Adibekyan/ (2019))

Figure shows the distribution of the stars with and without planets on the stellar mass -
stellar metallicity diagram. Everything previously stated can be seen in the graph, where there
is a clear behaviour change between dwarf stars and giants stars. We denote that there is a
metallicity maximum at around 0.2 dex for giant stars (with and without planets). Dwarf field

stars have on average significant lower metallicity when compared to dwarf hosts.

Summarizing the aforementioned finding, the works of [Santos et al.| (2017b) and |Schlaufman|
(2018), suggest that giant planet up until ~ 4M;,, appear to have been formed through core-
accretion, while planets with higher masses are preferentially formed via GI. In contrast, the

analyses of |Adibekyan (2019)) does not sustain the claims of a break point mass above which

the planet formation channels change.

In all these studies, iron content was used as a proxy of the overall metallicity. However,
as mentioned in the introduction, especially for metal-poor stars, this approximation is not
accurate as these stars are usually enhanced in « elements (including O, Mg, and Si which are
important for planet formation), which could compensate for the lack of iron.

The goal of this work is to perform a spectroscopic analyses to giant planet hosts and derive
the chemical composition of several elements in order to get a complete view on the metal
content of the stars and the protoplanetary disks. In this thesis we will calculate the summed
mass percentage of all heavy elements in the disk based on the abundances of C, O, Mg, Si, and
Fe, using the model from Santos et al.| (2015) and [Santos et al. (2017al). From this calculations
we will conclude whether the protoplanetary disks where the massive and super-massive planets

are formed might have enough heavy elements to be able to form the planets via CA.
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Chapter 3

Sample Selection

In order to obtain the study sample for this work we made use of SWEET—Calﬂ: a catalog
of stellar parameters for stars with planets (Santos et al., 2013b) and Exoplanet.elﬂ The Ex-
trasolar Planets Encyclopedia (Schneider et al., 2011). To avoid mismatching problems of a star
having different names in each database, a code was utilized which allowed to cross-match the
datasets by stellar name and by coordinatesﬂ This cross-matching lead us to a sample of 4040
star-planet systems.

We then selected 444 planets with masses between 1 and 13 Mjup. This planetary mass
range was chosen to ensure there were only giant planets in the sample, and the upper limit
of 13 Mj,, was to make sure there were not brown dwarfs. The later value corresponds to the
deuterium-burning mass limit for brown dwarfs at solar metallicity (Saumon et al., 1996} |Spiegel
et al., 2011). 13 Mj,, is commonly used as a boundary between giant planets and sub-stellar
objects with significant central deuterium burning (Caballero, |2018]). However, it is important
to mention that the mass limit of the deuterium burning is dependent on several parameters of
the object (Chabrier et al., [2014). It is also important to add that there is a mass region where
massive planets and low-mass brown dwarfs overlap (Schneider et al., 2011; Baraffe et al., 2010)).

We also restricted our sample only to the host stars for which SWEET-Cat provides homoge-
neously derived stellar parameters (see Santos et al., 2013a; |Sousa et al., [2018],[2021]). This leave
us with a sample of 335 objects. In addition, we selected only FGK type hosts with temperatures
between 4500K and 7500K (317 planets). The reason for this restriction was to guarantee the
highest possible precision in the determination of the stellar parameters, as well as abundances
of the elements.

Once the aforementioned constraints have been enforced we were left with 272 stars. 200
of these stars are hosting planets with masses between 1 and 4 Mj,, (225 planets) and 89 are
hosting planets with masses between 4 and 13 Mj,, (92 planets). There are 17 stars hosting
planets with masses both lighter and heavier than 4 M.

Since our goal is to perform a homogeneous chemical analysis of the planet host stars and
because the sample size allows, we decided to constrain the sample to only stars for which there
are available spectra obtained with the HARPS and HARPS-N (HARPS north) spectrographs
(Mayor et al., |2003; |Cosentino et al., |2012). The choice of HARPS and HARPS-N is based on
the simple facts that these spectrographs have a very high resolution (R ~ 100000) and that

"https://www.astro.up.pt/resources/sweet-cat/
Zhttp://exoplanet.eu/catalog/
3https://github.com/B-Soares/NASA_EU_databases
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3. SAMPLE SELECTION

more than half of the stars have publicly available spectra obtained with these spectrographs
(table [3.1]). This left us with 139 different stars with 163 planets with masses between 1 and
13 Mjy,. At this point, the sample had 47 stars with 48 planets with masses over 4 Mj,,;, and
102 stars with 115 planets with masses under 4 M,,. The sample contains 10 stars which have
planets with masses over and bellow 4 M;,;,. We should note that by imposing this constrain
on spectrographs, we are not biasing the sample toward any particular sort of star or planet.

Number
Spectrograph
of stars

ESPADONS 14

FEROS 28
FIES 4
HARPS 1
HARPSN 29
HARPSS 109
NARVAL 13
SARG 2
SOPHIE 37
UVES 35

Table 3.1: Table with the number of stars per spectrograph from which the spectra had been obtained.

From the aforementioned HARPS sample of planet hosts, we further selected those which
have spectra with signal-to-noise (SNR) ratio above 200. High quality (high resolution and high
SNR) spectra is crucial for precise characterization of stars with planets (Sousa et al. 2008;
Santos et al., [2013al). We also decided to remove a few hottest (Teff > 6400 K) and coolest
(Teff < 4700 K) stars from the sample because the precision of the abundances determined for
these stars was measurable lower than for the rest of the stars. Finally, the main sequence stars
(log g > 4.0 dex) with the effective temperature below 5300 have been removed from the sample.
The reason behind this choice was the difficulty in deriving the carbon and oxygen abundances
for these stars spectroscopically.

These latter restrictions left the sample with 113 stars and 134 planets. Over 4 M, we had
38 different stars with 39 planets and bellow 4 Mj,,;,, there was 83 different stars with 96 planets.
8 stars have planets with both bellow and above the 40, mass limit. The main characteristics
of the sample stars are presented in table

The distributions of the stellar mass, Teff, metallicity, as well as the mass of the planets are
shown in Figure The histogram of the stellar mass (top left panel), shows that for either
planet mass regimes, most stars have masses of around 1.2 M. However, the stellar masses for
the massive planet hosts spans a larger range when compared to the one for giant planets hosts.
The effective temperature graph in Figure [3.1] unveils that the sample has a few cooler stars,
however most stars have a higher temperature. Finally, we can see that most stars actually have
near solar or super-solar (> 0.2 dex) metallicities. On average the stars hosting planets with
M, < 4Mj,, are on average less metallic than those hosting super-massive planets. This is in
agreement with the results presented in Santos et al.| (2017b)).
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3. SAMPLE SELECTION

In Figure we show the dependence of planetary mass on the stellar Teff, [Fe/H], and
log g. The figure shows no clear correlation between stellar effective temperature and planetary
mass. The top right panel shows that most of the giant planet hosts, below 4 Mj,,;,, have higher
metallicities, with only some stars having sub-solar (< 0.0 dex) metallicities. The figure also
does not reveal a correlation between planetary mass and surface gravity. Most of the hosts
have log g > 4.0 dex meaning that they are in the main sequence i.e. dwarf stars.

In Figure we show the spectroscopic Hertzsprung-Russell (HR) diagram i.e. dependence
of log g on Teff. The stars of our sample are represented in magenta color and the HARPS GTO
sample of |Adibekyan et al. (2012)) are shown in grey.
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Figure 3.3: Hertzsprung-Russell (HR) diagram of the sample stars (magenta) with HARPS stars with no planets
from |Adibekyan et al. (2012) (grey)

Finally, in Figure [3.4] we show the dependence of stellar masses on the metallicity of the
planet host stars. In grey, the field stars correspond to the CORALIE giant stars without
planets (Alves et al., |2015) and dwarf HARPS stars with no planets (Adibekyan et al. 2012).
It is important to note that both samples of field stars have been searched for planets and none

was found. Since the masses of the planet host stars have been determined using the empirical
correlation of Torres et al. (2010), the masses of the field stars were re-determined using the

same methodology. This minimizes the potential systematic errors between the samples of stars
with and without planets.
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Chapter 4

Methods

In this chapter we describe the techniques and methodologies used in this work. We start
by describing the method of determination of the chemical abundances of stars and we explain
the choice of the elements. Sequentially, analyse the problem with the carbon and oxygen and
disclose what was required to predict them. Finally, after getting all the abundances necessary, it
was time to estimate the building blocks parameter. This parameter shall be further investigated

and interpreted in this chapter.

4.1 Determination of the abundances

After defining the sample which is presented in Table we aimed at determining chemical
abundances of the sample stars. The stellar parameters of the stars were taken from the SWEET-
Cat database (Santos et al., 2013b). For this research project, we derived the abundances of
carbon (C), oxygen (O), magnesium (Mg), silicon (Si), titanium (Ti) and nickel (Ni).

The first 4 elements together with iron (Fe) are the major contributors for the rocky planetary
building blocks. The abundance of Ti was derived as well in the interest of getting an idea of
another a-element content for the sample. a-elements are know to not necessarily follow the iron
abundance, when the [Fe/H] is at sub-solar values. At these metallicities the [«a/Fe] abundance
ratio increases with the decrease of iron abundance (e.g.|Aller and Greenstein, |1960; |Wallerstein,
1962). At solar and super-solar metallicities, usually the [a/Fe] ratio is close to zero i.e. is solar
(Adibekyan et all |2013)). Lastly, the abundance of Ni was derived because one of the oxygen
lines (at 6300A) is blended with a Ni line, and the determination of O abundance required the
knowledge of the Ni abundance (Bertran de Lis et al., 2015).

The ARES (Sousa et al.l 2015) code automatically measures the EWs of spectral lines from
so-called 1D spectra. The code determined the SNR of the spectrum and based on it performs
a local continuum normalization for each line. ARES also automatically measures the radial
velocity of the stars and corrects for it. Then for the provided list of lines it identifies the lines
and measures their line properties (EW, FWHM, strength) by fitting a Gaussian. The code also
identifies blends and performs multi-Gaussian fits.

In order to be able to run MOOG (Sneden, 1973) which is a radiation transfer code, we
need to provide the list of lines in a specific format. This line list includes the wavelength, the
atomic number of the element, the excitation potential, the oscillator strength, the damping
parameters and finally the EW derived from ARES. As input, MOOG also requires the model
of atmospheres. In our computations we adopted the MARCS (Gustafsson et al., |2008) models
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4. METHODS

of atmospheres. These models of atmospheres for each star was created by using the stellar
atmospheric parameters taken from SWEET-Cat.

Based on the aforementioned information, MOOG determines the chemical composition for
each spectral line for each element. To calculate the abundance of elements with several spectral
lines we adopted the method described in |Adibekyan et al.| (2015a). This method was developed
to minimise the impact of outlier lines on the final abundances. For elements with three or more
lines, the method calculates the weighted mean and the weighted standard deviation using the
inverse of the distance from the median value as a weight. The weighted average becomes the
new abundance value and the weighted standard deviation is taken into account for the final
error, together with the error due to the uncertainties of stellar atmospheric parameters. The
later is calculated by varying the stellar parameters by the amount equal to their uncertainties
and estimating the variation of the individual abundances. Finally in order to get the values
derived compared to the sun, from the abundances we subtract the abundance determined for
the Sun. As a solar reference abundances we took those determined from the solar spectra
reflected from Vesta.

It is relevant to note, for this worked we used the ARES V2.(ﬂ (Sousa et all 2015) and
MOOG 201£ﬂ (Sneden, (1973). We note that using different version of MOOG may result in
non-negligible variations on the final abundances. However, since our aim is to perform a
relative analysis of stars hosting giant and super-giant planets, the impact of the version of
MOOG is minimal as long as we always use the same version for all the stars.

4.1.1 Abundance difference using the initial and corrected surface gravity

Before going any further, we are going back a few steps. As mentioned in the Sample
Selection chapter, a few cool stars were removed, for different reasons, one of them being the
difference between the abundances obtained using the initial and the corrected surface gravity.

The need for precise and accurate stellar parameters together with the lack of well-
constrained surface gravity using spectroscopy, lead to the use of the surface gravity correction
from the work of Mortier et al|(2014), replicated in equation[d.1] In the study, what in this work
is log geor corresponds to the asteroseismic surface gravity that takes into account the effective
temperature and the spectroscopic surface gravity, in this work nominated log g;,;. This simple
correction will allow to derive more precise chemical abundances spectroscopically, which is one
of the main goals of this thesis. The errors of the log g.,- considered are the same ones as on
the SWEET-Cat database.

108 geor = —3.89 x 107* - Tef f + 2.10 + 1og ging (4.1)

In Figure [4.1] we show how the correction of log g impact the abundance determinations
of Mg, Ti, Si, and Ni. We show the difference in the abundances determined with the initial
and corrected log g values as a function of Teff. The figure clearly shows that the impact of
log g is strongest for the hottest and coolest stars for Si and Mg. Abundances of Ni and Ti are
not significantly affected by the change of log g for stars hotter than about 5300K. For all the
elements, the largest difference is observed for stars with Teff < 4700K. These stars are removed
from the sample.

"http://www.astro.up.pt/~sousasag/ares/
2http://www.as.utexas.edu/~chris/moog.html
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Figure 4.1: The difference between the abundances of Ni, Si, Ti and Mg obtained using ARES+MOOG using
the initial log and the corrected vs effective temperature, for the sample stars after the cut of only HARPS

spectrograph.
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In Figures and we replicated the graphs from Sample Selection chapter with the
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surface gravity after applying its correction.
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Figure 4.3: HR diagram of the sample (magenta) with a comparison with the HARPS stars with no planets
Adibekyan et al|(2012) (grey) after correcting the surface gravity using the relation from |[Mortier et al.| (2014)

4.1.2 Derivation of Mg, Si, Ti and Ni

Although we determined the abundances of Mg, Si, Ti, and Ni, the ones that are most
relevant for the current work are Mg and Si. The abundances of Ti and Ni were derived in a
semi-automatic way. Since both these elements have significant number of spectral lines (22 for
Ti and 40 for Ni) we simply removed the outlier lines i.e. spectral lines that delivered abundances
significantly different from the mean abundance. Silicon has 14 lines and Magnesium only has
3, as such, we performed a careful visual analysis of all the spectral lines of these elements.

For Silicon, since we have a good amount of lines, it is easier to detect an outlier, a line
that delivers an abundance significantly different from the mean value. Opposite to what we
have done for the derivation of Ti and Ni abundances, for Si we did not remove any line, but
re-measured the EWs manually (see the next section for details on manual EW measurements).
The lines that showed an abundance difference from the mean value larger than 0.1 dex were
re-measured manually. This could mean that out of the 14 silicon lines, for a star, we could need
to remeasure 7 of the lines or, in most cases, 1-4 of the lines. In the last effort, if the spectral
line is not possible to be effectively measure and disturbs highly the final result, it would be
removed.

Since Mg has only three lines available in the spectra, the identification of possible outliers
is practically impossible. In addition to that two of the lines are very complicated to measure
manually with high confidence. For the aforementioned two lines, overall ARES measurements
can be considered more reliable then the manual ones. The third Mg line at 5711.09A is more
isolated and can be measured manually with a higher confidence. Therefore, for Mg, to check
the abundance, we measured the Mg line at 5711.09A for all the stars and compared with the
automatic EW measurements by ARES. For cases of substantial differences (not many cases)
the automatically measured EW was replaced with the re-measured value.
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4.1 Determination of the abundances

4.1.3 Manual EW measurements

Up until fairly recent, it was actually not possible to get EW automatically and programs
that allow for manual measurement of the EW were used for the entire process. An example
of such program is IRAPﬂ (Image Reduction and Analysis Facility). Fortunately, in the latest
version of ARES a new feature was added that gives the user the possibility to measure the
EW manually as the task ”splot” of IRAF does. In order to be able to measure lines manually,
ARES needs the stellar spectra, the wavelength of the lines to be measured and ARES input
parameters file (mine.opt).
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Figure 4.4: Step by step tutorial print screens of how to measures the EW by hand using ARES. In the example
the silicon line 5772.150A in the spectrum of Vesta (reflected from the Sun) is shown.

Figure [£.4] which are print screens from ARES taken in between each step, illustrates how
the manual measurement of spectral lines is done with ARES. In order to do so, we select a
small wavelength region, but keeping in mind we need to have continuum on both ends of the
region. After that, we choose the left and right regions for the continuum placement. Then,
the user indicates the centers of the spectral lines to be fitted with Gaussian profile. On the
bottom right panel of the Figure [4.4] we see printed in grey and black a few of the iteration
needed before the final one in green that follows the same behaviour as of the spectra. In the
terminal, ARES provides with more information of the calculation, for instance it displays the
EW and respective error and the number of iterations needed.

Shttps://iraf.net/
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4.1.4 Offset in abundances

After measuring the EWs (automatically and manually) and using the tools and methods
mentioned earlier, we determined abundances of the elements. These abundances were de-
rived relative to the Sun. The solar reference values were obtained using the Vesta spectrum
(Adibekyan et al., 2016)). In Figure [4.5| we show the distribution of the abundances determined
for the sample stars. The same figure also shows the abundances of the HARPS GTO sample of
stars without planets (Adibekyan et al., [2012) and evolved star CORALIE sample (Adibekyan!

et all. OTED).
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Figure 4.5: Comparison of [X/Fe| obtained with the corrected log g after the lines correction of our sample (green)
with evolved stars from [Adibekyan et al.| (2015b)) (black) and HARPS stars with no planets from |Adibekyan et al.
(2012) (grey) against the iron content ([Fe/H]).

The Figure clearly shows an offset in the Si abundance determined for the stars of the
current sample, the HARPS dwarf sample, and the evolved sample of CORALIE. The offset
(visible e.g. at solar metallicities) is less apparent for Mg, Ti, and Ni. The ’Evolved stars cor’
from the label, corresponds to the abundances of the evolved stars after a correction to the

effective temperature was done as explained in the work (Adibekyan et al., 2015b]).

We found it unlikely that the main reason of the observed offset was the EW measurements

30



4.1 Determination of the abundances

since the offset was mostly observed for one element. Alternatively, the difference could come
from i) usage of different models of atmospheres (MARCS in this work and ATLAS9 in the
previous works), ii) the usage of different version of MOOG (MOOG 2019 in the current work and
MOOG 2014/2009 in the previous works), and iii) from the fact that the reference abundances of
the Sun used in this work were derived with MOOG2014 and ATLAS9 models of atmospheres,
while the abundances of the stars are derived by using MARCS models of atmospheres and
MOOG 2019 code, and finally iv) from the usage of corrected surface gravities in the current
work when compared to the spectroscopic log g values used in the previous works.

We determined the composition of the Sun (using Vesta spectrum) by using MOOG2019
code and MARCS models of atmospheres after correcting the log g value as explained above.
The stellar parameters used for Vesta were: Teff = 5770 + 10 K; log georr = 4.39 + 0.02 dex;
Viur = 0.95 £ 0.02 Km/s; [Fe/H] = 0.02 £+ 0.01 dex. Since we used the same EWs as in the
previous works, all the differences in Vesta abundances should be related either to the choice of
the model of atmospheres or the version of the MOOG code. The correction of log g for the Sun
is very small (4.44 vs 4.39 dex). In table we show the composition of the Sun determined
in this work and in the previous works. The table shows that the largest abundance difference
among the four elements represented in is observed for Si.

Our test suggest that the main source of the observed offset is the choice of the models of
atmospheres and the version of MOOG. In any case, it is important to note that this observed
offset or any systematic errors is irrelevant for our analysis since our goal is to compare the
abundances of the stars hosting giant and super-giant planets all derived using the same models

and tools.

Element Vesta (old) Vesta (this work) Difference

C 8.490 £ 0.016 8.382 £ 0.025 -0.108
O 8.656 £ 0.071 8.738 £ 0.031 0.082
Mg 7.603 £ 0.020 7.559 + 0.014 -0.044
Si 7.579 £ 0.020 7.524 £+ 0.029 -0.055
Ti 5.007 £+ 0.016 4.993 £+ 0.021 -0.014
Ni 6.265 £ 0.013 6.229 £ 0.015 -0.036

Table 4.1: The composition of Sun (derived from the reflected spectrum of Vesta) determined in the previous
works and in the current work.

4.1.5 Spectroscopic determination of the C and O abundances

Both Carbon and Oxygen have two weak lines in the visible that are not always easy to
measure automatically. However, as a first step we run ARES to measure the EWs of these lines
automatically and using the aforementioned spectroscopic tools and models of atmospheres we
determined their abundances. The results are shown in Figure 4.6

The Figure [4.6| shows that the C abundances of our sample stars, overall, have a similar
distribution to the HARPS dwarf stars with planets (Delgado Mena et al., 2021)), nonetheless
a few clear outliers are seen. However, looking closely, we notice that our sample, specially
for lower metallicities has lower [C/Fe] even bellow the HARPS, which could be because of the
offset not having been perfectly adjusted. The right panel of the figure shows the [O/Fe] as a
function of [Fe/H] for our sample stars (in green) and for the HARPS dwarf stars (Bertran de
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2015). One can see the large error bars for many of the stars that point towards those
lines having been badly measured.
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Figure 4.6: [X/Fe] vs [Fe/H] of our sample straight from ARES+MOOG, after the Vesta correction (green),
together with the HARPS stars with no planet (grey)

To explore further where the large dispersion observed in C and O abundances come from we
looked at the abundances determined from each individual line separately. Carbon has 2 lines
at 5380.32A and 5052.15A. In Figure we show these two lines abundances plotted for our
sample stars as a function of stellar parameters. In the figure we also plot the HARPS stars with
no planets (Delgado Mena et al), [2021). We notice that apparently, the 5052.15A line seems
to deliver lower abundances than the 5380.32A. The systematic difference in the abundance
determinations from these two lines lead to the large scatter observed in Figure

0.4 . ° . " .
. .
03 . 8 ' ' s
. oo

0.2

3
. -
Z 01 X K o ¢ ' s Carbon lines
i 0.0 o j‘ O T Field stars
w O . LRI g T o 5380.32
@) 2°% o8
9 . o AR T o 505215
-0.1 '8 e, -
° » . .-jo:m .
° X
-0.2 . . . L * ~ .
.. L4 ° '3' .
o« °° .o
-0.3
. . .
-08 -0.6 -04 -02 00 02 04 5000 5500 6000 3.0 3.5 4.0 4.5
[Fe/H] (dex) Teff (K) Logg (dex)

Figure 4.7: Comparison of HARPS field stars (Delgado Mena et al., [2021) carbon abundances (grey) with our
sample stars for which the C abundances are determined from the EWs of the lines measured automatically by
ARES. The abundances are shown as a function of stellar parameters.

Looking into the middle and left panels of [1.7] we see that the cool stars of our sample, that
correspond to the ones with lower log g, have very dispersed carbon values, ranging from -0.3
< [C/Fe] < 0.4. On the other hand, the dwarf stars of our sample actually tend to be carbon
poor, mostly having sub-solar [C/Fe| abundances, especially when analysing the 5052.15A line.

In the figure we show a similar plot to Fig. but for two Oxygen lines. The 6300.39A

32



4.2 Prediction of the Carbon and Oxygen Abundances

line is blended with Ni which contributes heavily to the EW measurement. Since the Nickel
impact on that line changes with temperature and other parameters it is very difficult to properly
account for it (Bertran de Lis et all 2015). The 6158.71A oxygen line was measured only for
52 stars (out of 113 stars): mostly in hot dwarf stars. For the 52 stars that have both lines, we
see that the abundances derived for each line are rather distinct, which explains the large error
bars seen on the right panel of Figure
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Figure 4.8: Comparison of HARPS field stars (Bertran de Lis et al. [2015) oxygen abundances (grey) with our
sample stars for which the O abundances are determined from the EWs of the lines measured automatically by
ARES. The abundances are shown as a function of stellar parameters.

Our general conclusion from the performed tests was that the it is not possible to determine
reliable C and O abundances for all the sample stars using our standard spectroscopic technique.
Even if we remove the contribution of Ni from the 6300A oxygen line and measure the EWs
of all these lines manually, we would not be able to determine the abundances (reliably) for
the coolest stars. As such, we decided to use a machine learning (ML) method to estimate the

abundances of C and O. The method is described in the next section.

4.2 Prediction of the Carbon and Oxygen Abundances

Machine learning (ML) is a branch of artificial intelligence (AI) and computer science that
makes use of data and algorithms in order to identify patterns and make decisions with minimal
human intervention. ML replicates the way humans learn and improves its accuracy gradually,
making use of data analysis that allows for the creation of automated analytic models. There
are many algorithms that allow such end, which of course, are chosen in response to what the
work requires, in our case, we make use of random forests (RF) (Breiman, 2001)). Here we will
be feeding the method datasets to train the algorithm in order to predict an accurate outcome.

4.2.1 Random Forest (RF)

Random forest (Breiman| 2001) is a supervised form of ML. Random forests incorporates the
operation of decision tree together with ”bootstrapping” with replacement (Marquez-Neila et al.|
2018). A decision tree is a basic building block of a random forest, since it is a way to divide
the dataset in multiple subsets based on the similar characteristics of the branches (Marquez-
Neila et al., 2018)). Because decision tries are extremely responsive to changes in training set,

the split is done in a way to accentuate the gain in information entropy (Marquez-Neila et al.,
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2018). Bootstrapping is a resampling method that is commonly adopted to estimate statistics
on a population by sampling a database with replacement. In other words, in bootstrapping,
the subsets created out of the training sample are independent and drawn at random with
replacement. Each decision tree will have its own result and with the use of averaging of all of
them or in some cases major-voting (Acquaviva, [2016), which is demonstrated in Figure The
combination of many trees solves bias-variance trade-off, and since each tree is independent, they
can be constructed in parallel, making it a fast algorithm with reliable results (Miller, 2015]).

EEE
Decision Tree-1 Decision Tree-2 Decision Tree-N
Result-1 Result-2 Result-N
Lﬁ Majority Voting / Averaging

Final Result

Figure 4.9: Example of what happens in a random forest algorithm. SOURCE: google images

4.2.2 Implementing RF in python

In order to create the model, we separate the data into features and targets, which correspond
to the columns the model uses to make the prediction and the predictions, respectively.

In order to form the model, we are splitting the data into training and testing sets randomly.
During the training process, the model is allowed to see the answers so it can predict accurately
from the features. In training, we give the model any information relevant to the problem in
order for the model to be able to learn the relationship between the data and what to predict.
There are two key elements in connection to the split of the training and testing sets, the ’test
size’ which is the size of the data that is being tested and the 'random state’ which is responsible
for how the split is done to the dataset. If the test size is too big, the model will be a perfect
fit to that dataset. However, when we applied values from a different dataset to the model
the results will not be as accurate since it is following so closely the behavior of the first one.
There must be a sufficient number of values to test that span the whole database’s range. In
other words, we must ensure that we do not leave any crucial data out of the test set while also
ensuring that it is not excessively large and only suitable for that dataset’s data. In order to
do so, we need to try and find the best testing size and 'random state’ for each dataset desired.
The code used in this work was developed by Barbara Soares (private communications) as part
of the Master thesis. The code already had these values perfected for the features and targets
for two datasets that were used for training.
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4.2 Prediction of the Carbon and Oxygen Abundances

4.2.3 Databases

We then had two model databases that we could use, the HARPS model and the APOGEE
one. The HARPS model was obtained from the |Adibekyan et al.| (2012)) sample of FGK dwarf
stars, with oxygen abundances from Bertran de Lis et al. (2015 and carbon abundances from
Suarez-Andrés et al.| (2017). The sample consists of 527 stars for which abundances of C, O, Mg,
Si, and Fe are available. The APOGEE (Holtzman et al., 2015; Majewski et al., 2017) database
was obtained from the 16th data release (Ahumada et al. 2020) of APOGEE-2 (Majewski
et al., |2016), with abundances derived by |Jonsson et al. (2020). By selecting only RGB (red-
giant branch) stars with [Fe/H] > -1 and SNR > 300, that ended up being having a little over
15000 stars.

4.2.4 Improving the model to our input parameters

The original ML code made use of different input parameters to get the abundances. In this
work our input parameters (features) are the [Si/H], [Mg/H] and [Fe/H], the first two derived
in this work and the latter obtained from SWEET-Cat. The output parameters (targets) are
abundances of [C/H] and [O/H]. Given that the input parameter were changed when compared
with those in the original ML code, we tried to perfect the model before applying it to our data.
In order to do so, we went by hand changing the 'random state’ of the model and looked for the
better values of a few statistic parameters (see next paragraph). Only these parameters needed
to be checked because the ’test size’ and the rest had been perfected for each database and were
not heavily influenced by the change in the input parameters.

In order to test it, we created a model from a database and then we applied the same
database to the model and checked some statistics as we changed the 'random state’. These
parameters were the R? (coefficient of determination), the mean difference, standard deviation
of the prediction and the true standard deviation of the true values. To verify if the model was
good, we looked for a high value of R?, since this parameter compares the true values with the
prediction. For example, for a R? = 0.92 it means the model explains 92% of the variance in the
output. We also looked for a small mean difference which would mean the values predicted were
close to the real ones. And for the standard deviation of the prediction and standard deviation
of the true values, we basically made sure they were similar, to make sure the model was neither
making the output a much wider or smaller range of values than the reality.

4.2.5 Selecting the database

We ran two models using the HARPS and APOGEE databases and got our sample stars
carbon and oxygen abundances following each model. We realise that the HARPS one fitted the
expectation slightly better than the APOGEE (see Figure . For the APOGEE database,
we see that the C abundances were systematically larger, and the O spread had a considerably
narrower range of values compared to the other estimates. The HARPS model was eventually
selected.
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Figure 4.10: Carbon and oxygen abundances of the HARPS stars with no planets (grey), of our sample stars
derived spectroscopically (blue) and of the abundances obtained with the machine learning trained with a HARPS
database (orange) and the abundances obtained with machine learning trained using an APOGEE database

(green).

4.2.6 Obtaining the final C and O abundances and errors

In pursuance of trying to get the most robust output, and to estimate the uncertainties of
the abundance estimates we performed the following bootstrapping analysis. By considering a
normal distribution for the input parameters (with a sigma equal to their uncertainties) we run
the ML code 1000 times per star. We then calculated the mean and standard deviation of the
output parameters. This allowed us to the get the abundances and the error that comes from
the input parameters, but we still need to take into account the model error.

Random forest does not have a direct output of the error which makes it complicated to
obtain a model error. The ML code was modified to force a change for the 'random state’
parameter and create 100 different models for each set of input parameters. Thus now we are
taking into account what would happen to the model if we had made a different decision to this
‘random state’ value. Having the model error and the input abundances error, the final error is
simply the root sum of squares of the errors.

Finally, we now have all of the abundances needed for the main goal of this work, calculating

the composition of planet building blocks.

4.3 Composition of planet building blocks

As we know, the study of stars hosting planets provides us with incredible information about

the planetary formation and evolution processes (Mayor et al.,|2014). More specifically the study

of chemical abundances in the hosts is essential for comprehending the formation of planetary
systems (Ida and Lin| 2004b; Mordasini et al., 2012; |Adibekyan et al., 2021]).
Several studies have shown similarities in the relative abundance of Fe, Mg and Si of the Sun,

Venus, Mars, Earth and meteorites. These researches strongly suggest a relationship between
the relative abundances of the star with rocky planets and bodies (e.g. meteorites) (e.g.
ders|, [2003; Drake and Righter], 2002; Khan and Connolly} |2008; Sanloup et al., [1999). Mercury
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4.3 Composition of planet building blocks

does not follow the same bulk compositions, the reason for this most likely being that an ex-
ternal process could have significantly altered its composition (Benz et al., [1988). Nevertheless,
Mercury is thought of as an exception, rather than the rule. Determining the abundance in
the atmospheres of stars and link them with the properties of planets, may give us information
about the internal structure and composition of planets, not only for rocky planets (e.g. Bond
et al., 2010; [Delgado Mena et al.l, |2010; [Dorn et al., [2015; [Thiabaud et al., 2015 Santos et al.|
2015 Dorn et al., [2017), but also for giants planets (Guillot et al., 2006} Fortney et al., [2007).

Planetary building blocks are condensates from the stellar nebular that have experienced
some fractionation processes (Santos et al. [2017a). In order words, planetary building blocks
are primitive objects from which the planets and other bodies in the disk were formed. Given
that the goal of this thesis is to get a view on the formation theory for giants and super-
massive planets, it is very prevalent to obtain the planetary building blocks of our sample stars.
Therefore, having information about the initial objects composition that led to their formation
will evidently provide clues towards which theories is most likely correct.

When planet formation models account for equilibrium condensation models they predict a
compositional correlation between planets and their hosts (Dressing et al., 2015). Previous stud-
ies have referred that the relative abundances do not change spatially or temporally significantly
within the disk (Thiabaud et al.l 2014; Johnson et al.; [2012). This indicates that, regardless of
the distance to the star, we may reasonably infer that the abundances in the star are connected
to its rocky planets, and that they are also comparable to the composition of the proto-stellar
disk in which the star and planets are formed. There are of course, exceptions, for instance, if
the planet has undergone internal or external specific physical process, it is possible their initial
composition to be different from the present one. There are some processes that can also modify
the composition of stars. An example is planet engulfment that has been proposed to have an
impact on particular stellar abundances (Israelian et all 2001; Spina et al.l 2021)), nevertheless
its uncommon.

4.3.1 Model

In this section we will be calculating the expected iron-to-silicate mass fraction - firon, the
water mass fraction - wy and the summed mass percentage of all heavy elements expected for the
planetary building blocks - Z. The model used for this part of the work was the one introduced
in Santos et al.| (2015) and [Santos et al. (2017a).

This model makes use of Fe, Si, Mg, C and O abundances together with H and He, because
it assumes them as the most pertinent elements for controlling the species expected from equi-
librium condensation models (Lodders, [2003; [Seager et al., [2007). Some of these most relevant
species are in fact Hg, He, HoO, CHy, Fe, MgSiO3, MgoSiO4 and SiOs. The elements required
(Fe, Si, Mg, C and O), are rocky-forming elements and the model includes their mineral phases
that are thought to dominate the composition of the crust, mantle (upper and lower) and core
of Earth-like planets (McDonough and Sun, 1995} Sotin et al., [2007)).

Having said that, a simplified model that calculates the expected mass fractions of different
compounds using these species is a justifiable procedure. From the atomic abundances we can
easily calculate the molecular abundances and consequently the mass fractions, with simple
stoichiometry. The simple stoichiometry equations presented in and (Santos et al.l |2015,
2017a; Bond et al. |2010; Thiabaud et al., 2015; Unterborn and Panerol [2017)), are the ones used
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for this work. The first set of equations are for the case when (Nj7y > Ng;) and the second
for the opposite (Narg < Ng;). By performing an inversion to these equations together with
the stellar abundances, it allows us to derive planetary building blocks as expressed in equations

.4} {5} [1.61

When Njpy > Ng; (but NMg/NSi <2):

No = Nu,0 + 3Nngsios + 4Nng,si04

Narg = Naigsios + 2Nnig,si04

(4.2)
Ngi = Nrigsios + NMgsSio.
N¢ = Nom,
Contrarily, when Ny;y < Ng;:
No = N0 + 3Nmygsios + 2Nsio,
NMg:NMgSiOg (4 3)
Ngi = Nygsios + Nsio,
Ne¢ = Non,
The final parameters we intend to obtain are calculated using (4.4] 4.6)
firon = Mpe/(Mpe + Margsios + Mag.si0, + MSi0s) (4.4)
wi = Mmu,0/(MH,0 + MFe + MMgSi0; + MMgsSi0s + MSiO,)
Z = (mcH, + MH,0 + MFe + MMgsiO; + MMg,5i04 + MSi0,)/ Miot (4.6)

Where m, = N, - u, given that N, corresponds to the number of atoms per species X,
computed relative to H and pu, is the mean molecular weight. Finally, Myos = Np - ppr + Npe -
pre + Ne - pie + No - o + Npe - pire + Nayrg - pinig + Nsi - j15i-

The results are presented in terms of mass fraction in percentages. It is relevant to reinforce
the limitations of this model and the fact that there are some cases which the models does not
take into account. An example of this is for when Njry/Ng; > 2, the Si is included in olivine
and Mg is integrated in other minerals, most of them oxides. Another example of this is that
mineralogy is expected to change (Bond et al., |2010) when N¢/Np >0.8, were silicates are no
longer formed and instead carbides are. This implies an enhancement in carbon for the planet
building blocks. In other words, in order to get an extremely rigorous model, these cases would
needed to be taken into account, nevertheless it does not take away from the model precision
of the results, given that the examples above are rare. In our case, this is not a problem given
that we do not have any star in those conditions.

The uncertainties of the compositions of the planet building blocks were estimated by per-
forming 1000 Monte Carlo simulations. We varied the input abundances assuming a normal

distribution with a sigma corresponding to the errors of the abundances.
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4.3 Composition of planet building blocks

4.3.2 Estimating the impact of C and O to the final Z

As we stressed earlier in the chapter, it was very relevant to obtain accurate and reliable
results for the C and O abundances. In order to quantify the impact of C and O abundance on
the determination of Z, we decided to introduce an offset to the C and O abundances separately

and simultaneously, and determine the Z parameter. The results are shown in Figure |4.11
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Figure 4.11: Difference in heavy element content Z when the abundance of C and O are increased by 0.2 dex as
a function of Z.

Figure clearly shows that the abundance of C and O have strong impact on the de-
termination of Z. O abundance, however, has stronger impact than C by a factor of about 2.
Increasing the abundance of O by 0.2 dex introduces an increase of Z of about 30%, while the
average error for the Z is about 10% (see table [C.1)).

The main goal of this test was to understand and stress the importance of precise determi-
nation of the abundances of these two elements. Fortunately, the precision of our estimation of
the abundances of C and O is significantly better than the offset introduced in this test.
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Chapter 5

Results

In this chapter, we will report the outcomes of our research, following the same line of work

as presented in the previous section. We will start by displaying all of the spectroscopically

derived abundances, as well as the C and O predicted by ML. Finally, using comparisons to

the Sun, we will provide several parameters linked to planetary building blocks for our sample,

along with some statistical tests.

5.1 Composition of planet host stars
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Figure 5.1: [X/Fe] vs Teff color coded to logg for our sample stars The HARPS stars without detected planets

(Adibekyan et all|2012; Delgado Mena et al.|[2021; Bertran de Lis et al.,[2015) are shown in grey. The abundances

of C and O were predicted using ML and the abundances of Si and Mg were derived spectroscopically.
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In Figures and we show the dependence of [C/Fe], [O/Fe], [Mg/Fe], and [Si/Fe]
abundance ratios as a function of stellar parameters and metallicity. For comparison, the stars
without detected planets from the HARPS sample are also shown. We remind that the abun-
dances of C and O are predicted using a ML technique, while the abundance of Mg and Si
are determined spectroscopically. The figures show that the coolest and evolved stars have
slighter higher abundances relative to iron, when compared to the solar-temperature dwarfs.
Some of these stars are metal-poor and their enhancement in these elements is expected from
the Galactic chemical evolution (see e.g. |Adibekyan et all 2012; Delgado Mena et al., 2021]).
The aforementioned stars also have relatively large uncertainties in the abundances which could

be due to unresolved blends or other difficulties (e.g. continuum normalization) related to the

spectroscopic measurements (Sousa et al., |2008).
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Figure 5.2: The final abundances of [X/Fe] (green) vs [Fe/H] The HARPS stars without detected planets are
shown in grey.
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5.2 Composition of planet building blocks and formation of gi-
ant planets

We can start by showing the water mass fraction and the iron mass fraction of the sample
stars. These parameters provide us information on the potential composition of planets, espe-
cially the rocky ones. We cannot say that the giants planets are composed of the same amount
of iron or water, but we can say, if there were to be Earth-like planets in the disk, their compo-
sition could likely follow those parameters. Therefore these parameters are not the upfront goal
of this work, but do tell us useful and interesting information on the initial disk composition.

In Figure we show the fion as a function of planetary mass. The symbols are color
codded according to the metallicity of the stars. The dashed line shows the f;..,, for our Solar
system taken from Santos et al.|(2017a)), using the same model as the one used in the current
work. The figure shows that the majority of sample disks have lower values when compared to
the solar system. We also see that the lower the iron abundance is, the lower the iron-to-silicates
mass fraction will be. On the other hand, the higher the iron content, the wider the range of
firon values, which varies from 25% to 36% for [Fe/H]> —0.2.
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Figure 5.3: firon - iron-to-silicate mass fraction vs the planetary mass color coded to the metallicity [Fe/H]. The
dashed line shows the firon value for the Solar System.

In Figure we show the relation between f; .., and planetary mass where we show the
giant and super-giant planets in different colors. By comparing the two planetary mass regimes
(above and bellow AMjyp ), we see that on average the fi.on, spans a smaller range of values
for Jupiter-like planets when compared with the distribution of fj.,, of super-massive planets.
Interestingly, almost all of the fi o, poor disks have super-Jupiters (M, > 4Mj,p,). The only
Jupiter-like planet with a low fion is in a multi-planetary system with another massive-Jupiter
planet. Table presents the mean values and standard deviations of f;.o, for both planetary
mass regimes. Jupiter-like planets have slightly higher f;.o, than their higher mass counterparts,
although the difference is smaller than the standard deviations.
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Figure 5.4: firon - iron-to-silicate mass fraction for each planetary mass regime (Mp < 4Mjy,p) (blue) and
(Mp; > 4Mjyp) (red) vs the planetary mass. The mean and standard deviation of each group is shown in large
symbols. The dashed line marks the fi,on value for our Solar System.

Similar to firon, in Figures [5.5] and we show the dependence of water mass fraction as
a function of planetary mass. In Figure we observe a correlation between the iron content
and w; given that the lower iron content corresponds to the higher water mass fraction. This
is because at low iron abundances the stars are enhanced in O which contributes to the wy.
Figure [5.6] and Table show that the water mass fraction of the disks where the massive and
super-massive planets are formed are similar, considering the dispersions of the distributions of
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Figure 5.5: wy - water mass fraction vs the planetary mass color coded to the metallicity [Fe/H]. The dashed line
shows the wy value for the Solar System.
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Figure 5.6: wy - water mass fraction for each planetary mass regime (M, < 4Mjyp) (blue) and (My > 4Mjup)
(red) vs the planetary mass. The mean and standard deviation of each group is shown in large symbols. The

dashed line marks the wy value for our Solar System.

In summary, despite these parameters not being the primary ones for our study, they give

us interesting information about the potential composition of the disks where the giants and

super-Jupiters of our sample were formed. We also learn that the iron and water mass fractions

are not significantly different in the two planetary mass regimes studied.

. Standard

Planetary mass regimes Average oo
deviation

firon
1 < My < 13M jyp 30.866 3.524
My < 4M gy 31.235 2.821
My = 4M g, 29.958 4.763
wf
1 < My < 13M jyp 58.039 3.246
My < 4M jyp 57.684 3.002
My = 4M jyp 58.912 3.676
Z
1 < My < 13M pyp 1.871 0.612
My < 4M g,y 1.887 0.634
My = 4M gy 1.831 0.559
7 x My
1 < My < 13M jyp 2.339 0.909
My < 4M gy 2.306 0.905
My = 4M gy 2.421 0.925

Table 5.1: Average values and standard deviation for the iron-to-silicate mass fraction, water mass fractions and
summed mass of all heavy metals relevant to planetary building blocks in different planetary masses regimes
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Regarding the main objective of the study, we shall now evaluate the summed mass percent-
age of all heavy elements relevant for the planetary building blocks. In order to do so, we can
examine the Figures [5.7] and [5.8] and Table [5.1] for a visual and quantitative analysis.

Starting with the visual representation, we see that almost all of the sample stars have Z
values higher than the solar system (dashed lines). From Figure|5.7|we clearly see a stratification
behaviour with metallicity, the higher the Z the higher the iron content. This dependence is seen,
in both planetary mass regimes. The determination of Z takes into account the iron content, but

also the rest of the metals, whose abundances also correlate, so the stratification is expected.
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Figure 5.7: Z - the summed mass percent of all heavy elements expected for the planetary building blocks vs the
planetary mass color coded to the metallicity [Fe/H]. The dashed line shows the Z value for the Solar System.

From figure [5.8, we notice that for the giant planets, the Z range is larger than for their
higher mass counterparts (Mp > 4M;,,). We also detect that the lower mass giant planets
can start to form at Z ~ 0.6% while super-Jupiters start at Z ~ 1%, which may suggest that
super-giants start to form in metal richer environments. This statement alone, points toward
their formation scenario being CA, given that a certain amount of metals is needed to initiate
their formation. We remind that, the CA paradigm suggests a correlation between giant planet
formation and metallicity, as in, the more massive giants planets are formed in more metallic
environments. However, we notice that there is not an increase in the Z as the planetary mass
rises, for instance the highest mass planet in the sample actually has sob-solar metal content. It
is perhaps important to note that while CA requires a minimum amount of metals for the giant
plant formation to start, the model does not predict a strong correlation between the mass of
planets and metallicity (e.g Mordasini et al., 2012|). Table shows that the mean Z content

in the protoplanetary disks of giant and super-giant planets is similar.
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Figure 5.8: Z- the summed mass percent of all heavy elements expected for the planetary building blocks for each
planetary mass regime (M, < 4Mjyp) (blue) and (Mp > 4Mjy,) (red) vs the planetary mass. The mean and
standard deviation of each group is shown in large symbols. The dashed line marks the Z value for our Solar
System.

Because the disk mass (which correlates with the stellar mass) is also expected to play an
important role for the formation of giant planets, in the Figure 5.9, we show dependence of the
stellar masses as a function of planetary mass. We see that massive planets hosts are on average
more massive than hosts of planets with masses below 4 M;,,. This plot is relevant given the
fact that the total amount of metals in the disk depends on the mass of the disk.
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Figure 5.9: Masses of the planet hosts vs planet mass for giant (Mpy < 4Mjyp) (blue) and super-giant (M, >
4Mjyp) (red) planets. The blue and red large circles show the mean stellar masses of the two populations. The
dashed line represents the solar mass.

Since both Z and stellar mass (as a proxy of disk mass) play a role for the formation of giant
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planets, in Figure we show the dependence of Z x My as a function of planetary mass. The
multiplication of stellar mass and heavy element fraction should give a parameter proportional
to the total amount of metals in the disks. We notice, that some of the planets that previously
were below the solar system value, no longer are, given the high mass of their star. Analysing
the mean Z x My for each planetary mass regime, we realise they are similar. The mean values
of the total amount of metals in the disk (Z x My) for super-Jupiters and Jupiter-like planets
are very similar (see Table , being indistinguishable from statistical point of view.
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Figure 5.10: Total amount of metals (Z x My) in the protoplanetary disks as a function of planetary mass for
giant (Mp < 4Mjyp) (blue) and super-giant planets (M > 4Mjyp) (red). The mean and standard deviation of
each group is shown in large symbols. The dashed line marks the Z x My value for our Solar System.

None of the characteristics examined above appear to demonstrate a significant variation in
behavior across the planetary mass regimes examined, indicating that similar formation scenarios
are likely. However, some super-massive planets appear to be formed in disks with less amount
of metals than our Solar System planets. In the next section we analysed these systems further
to understand whether there is something that distinguishes these planets from the rest of the
sample.
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5.2 Composition of planet building blocks and formation of giant planets

5.2.1 Super-massive planets in disks with low metal content

S
. orbital err’u
Star Teff logg [Fe/H] Viur Z W;s  firon msin(I) My iod Major Star
erio
HD  (K) (dex) (dex) (kms 1) (%) (%) (%) (Mj,) (Mg) © Axis  type
(days)
(AU)
106252 5871 4.196 -0.07 1.10 1.08 58.16 33.69 7.56 1.003 1600 2.7 GO
111232 5460  4.406 -0.43 0.62 1.03 72.14 22.64 6.80 0.800 1143 1.97 G8V
11977 5067  3.039 -0.16 1.59 1.21 61.60 27.30 6.29 2.186 711 1.89 G8.5 111
217786A 5966 4.129 -0.14 1.12 1.12 60.88 30.20 13.0 1.072 1319 2.38 F8V
5583 4986  3.03 -0.35 1.62 1.24 66.61 19.44 5.78 1.896 139 0.53 KO
5891 4825  2.843 -0.38 1.69 1.22 66.16 18.31 7.60 1.952 177 0.76 G5D
98649 5714  4.247 -0.03 1.01 1.22 58.25 33.00 6.79 0.940 6023 6.57 G4V

Table 5.2: Properties of the systems containing super-massive planets (My; > 4M;u.;) that have lower Z than the
solar system.

In this section we examine the super-massive planets (M, > 4Mj,;,) host stars that have
summed mass of all heavy elements relevant for planetary building blocks bellow the solar system
value (Z = 1.26%). Some of the most prevalent characteristics are listed in Table Below we
provide some further discussion of each star and planet from literature. All of the planets in the
Table 5.2 were detected through RV method.

HD 106252 is a yellow dwarf star. Since the inclination of the planetary orbit is known for
the system, the true mass of the planet can be determined: 32.86f%g:§6. Given the high mass of
the object it is most likely a brown dwarf as expressed in the work of [Reffert and Quirrenbach
(2011).

HD 111232 is an G-type main sequence star that is iron-poor, giants planets surrounding
such stars are remarkably uncommon. This star in the Hipparcos catalogue (E.S.A., [1997), is a
suggested binary, however no stellar companion was discovered (Mayor et al., 2004).

HD 11977, also commonly known as Eta2 Hydri is a cool evolved giant star, that was probably
an A type main sequence star (Setiawan et al., [2005).

HD 217786A belongs to a binary system where it is the primary star. It is an F-type main
sequence star, and its orbiting planet minimum mass is 13 Mj,,, which corresponds to the
overlaping zone among giant planets and brown dwarfs (Moutou et al., 2011). The true mass of
this planet is unknown and it is difficult to firmly conclude about the planetary nature of this
object, although it is more probably a BD.

HD 5583 is an evolved metal-poor red giant and whose orbiting giant planet can be classified
has a warm Jupiter (Huang et all [2016)) from its proximity to the host (Niedzielski et al.,
2016). In the work of Andreasen et al|(2017) the log g obtained was higher that in the work of
Niedzielski et al.| (2016), which influences the mass derived by 15%, making the new minimum
mass msin(i) = 8.63Mj,,. The mass used for this work is the one listed in the Exoplanet.eu
database of msin(i) = 5.78 Mjyy, as expressed in the Table Regardless of the mass, almost
all of the possible inclinations still leave the object within the planetary regime (Andreasen
et al., |2017).

HD 5891 is a metal-poor giant star. HD 5891b orbital period is relatively small and has a
short semi-major axis, which can be classified as a warm Jupiter (Huang et al., 2016). Inter-
estingly, the metallicity estimation of this star by |Johnson et al.| (2011) is significantly different
(-0.02 vs -0.38) from the one we extracted from SWEET-Cat. It is relevant to note that if
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the Mg, Si, C and O abundances were calculated from the aforementioned low metallicity, the
results obtained would be different. In consequence, the Z calculated would also be influenced,
most likely leaving the star above the solar system Z value.

HD 98649 is a solar-like dwarf star. The jupiter mass companion has a very eccentric orbit
(e = 0.85) with a period of 14 years, this planet is one of the most eccentric planets known with
a period larger than 600 days (Marmier et al., [2013)).

5.2.2 Kolmogov-Smirkov test

The final step is to analyse statistically the sample. In order to do so, we will be preforming
a Kolmogov-Smirkov (KS) test, that is a statistical test that allows for the comparison of two
samples by quantifying the distance between their cumulative distribution functions. The closer
to 1 the KS p-value is, the higher the probability the samples come from the same parent pop-
ulation. The p-values small than 0.05 is usually considered as a rejection of the null hypothesis
that the two samples have the same parent distribution.

We compared the distributions of Z and Z x My of stars hosting massive and super-massive
planets, as well as we compared their distributions with the HARPS field stars without planets
(HSWNP) from |Adibekyan et al.| (2012). The KS statistics and p-values are displayed in the
Table for the Z values obtained for each set of data studied and for the Z x My for planet
host stars only.

Samples KS statistic KS p-value
M, = 4 vs HSWNP (Z) 0.465 7.366e-08
M, < 4 vs HSWNP (Z) 0.419 4.885e-14
My <4 vs My >4 (Z) 0.143 0.568
My < 4AMjyy vs My =AMy (Z x My) 0.133 0.652

Table 5.3: Results of the KS test comparing the Z and Z x My values obtained for our sample stars with planets
above and below 4Mj,,;, and stars without planets (HSWNP). The comparison of Z x My is done only for systems
with detected planets.

From Table we see that that the HARPS stars with no planets (HSWNP) and the hosts
of massive-Jupiters (M, > 4Mj,y,) do not appear to come from the same parent distribution
given such low p-value of the KS test. This KS p-value is even smaller when this HSWNP is
compared with the giant planets hosts (M, < 4Mj,;), once again reinforcing that they most
likely come from different parent distribution. When the distribution of Z of giant planets is
compared with the hosts of massive planets, the KS p-value is very high, giving us a greater
evidence for one single population. Finally, when the metallicity (Z x My ) is compared between
our sample stars above and bellow 4Mj,, we again obtain a large KS p-value, which lets us
know, once again, that the populations are not statically different.
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Chapter 6

Conclusion

In this thesis we intended to understand whether or not super-massive planets with masses
above 4 Mj,, could have been formed through core-accretion. The question came to be from
the recent works which suggested a break-point mass at 4Mj,, above which planet formation
stopped being ruled by core-accretion and GI became the dominant process. In these studies
they make use of the well-known relationship between giant planet occurrence and metallicity,
where giant planets formation increases exponentially with the metallicity in the disk. This
relation is predicted by CA. However in these works, the hosts of planets above 4M,,, were not
as metal rich as predicted in CA. In fact, the most super-massive planets had metal-poor hosts,
which is against the predictions of CA. Alternatively, GI paradigm of massive planet formation
does not predict a clear relation between massive planet formation and metallicity, making it
the favorable process for the formation of these planets. On the other hand, posterior works,
that employed different analysis, did not support the previous claims that a separation in mass
would reveal two different giant planet populations with different formation channels.

In all these aforementioned works, the iron content was used as a proxy for the overall
metallicity of the stars. This approximation is valid for solar-type stars, but for metal-poor
stars, there is usually an increase in a elements that needs to be taken into account. The
enhancement in « elements could compensate for the lack of iron in the star, possibly being
sufficient to have these planets being formed through CA.

In this thesis, we performed a spectroscopic analysis to overcome the aforementioned issues
and determine the total amount of metals in the disks where the giant planets are formed. From
the exoplanet.eu database we selected planets with masses between 1 and 13 Mj,,. We then
restricted the sample to hosts with temperatures between 4700K and 6400K. Then we selected
those hosts for which there were publicly available HARPS or HARPS-N spectra with a signal-
to-noise ratio greater than 200. Our sample consisted of 113 FGK-type stars hosting 39 planets
with masses bellow 4Mj,;, and 96 planets with masses above 4Mj,,,.

For the selected sample stars we derived spectroscopically the abundances of Mg and Si, used
tabulated values of Fe from SWEET-Cat and adopted a ML algorithm for the prediction of the
abundances of C and O. Based on these chemical abundances and using a simple stoichiometric
model, we obtained the mass fraction of all the heavy elements (Z) relevant for the formation of
planets.

We compared the distributions of Z of stars hosting massive and super-massive planets and
found no significant different as evaluated by a KS statistical test. We found that almost all
of the stars hosting super-massive planets in the sample have Z above the solar system value,
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6. CONCLUSION

which could imply that their formation is still possible to explain with CA. When we multiply
the Z with the stellar mass, getting the percentage of heavy metals per solar mass, there remains
fewer massive-Jupiters with sub-solar Z x My values. This Z x My parameter is thought to
be proportional to the total metal content in the protoplanetary disks where the planets were
formed. When this parameter is compared between Jupiter-like and super-Jupiters planets,
there is no statistical difference.

We investigated all the super-massive planet hosting stars individually to understand whether
these systems show any peculiarity when compared with the rest of the sample planets. No clear
pattern was found. We suggest that these super-massive planets with sub-solar Z x My, could
have had different formation scenarios from the rest, but we do not disregard they might have
had been formed via CA.

Unfortunately, currently there are no available models of massive planet formations around
massive stars. The comparison of our results with the predictions of population synthesis based
on the GI and CA models could help to conclude whether giant planet formation can be explained
by any of these models for the whole spectrum of planetary masses.
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Appendix C

Planetary building blocks

star Z (%)  firon (0) wy (%) msin(i) (M) M, (MO)
16CygB 1.664+0.17 32.24+1.19  58.76+4.8 1.647008 1.022+0.007
18Del 1.53+0.18 29.03+2.66 58.19+6.92 10.310-3¢ 1.947+0.013
24Sex 1.4740.14  29.74+3.3  58.88+5.46 1.847541 1.54640.008
24Sex 1.4740.14  29.74+3.3  58.88+5.46 1.5275-2 1.54640.008
55Cnc 2.86+0.35 29.12+3.01 56.81+7.29 3.86109; 0.923+0.014
7CMa 2.8740.39 24.83+3.78 58.52+8.44 18951099 1.54240.012
75Cet 1.8240.15  25.55+2.89 58.5545.27 3.0 2.12140.016
81Cket 1.59+0.18  25.02+2.97 60.0746.16 5.3 2.239+0.017
epsTau 2.234£0.35 27.47+3.82 54.41+9.13 7.3410° 2.44940.022
GJ3021 1.5440.14 35.42+2.27 55.7345.36 3.3710.09 0.9240.008
HAT-P-17 1.3940.14  33.18+2.24 55.4345.98 1.4 0.82940.006
HD100655 1.8140.16 28.07+3.12 57.3245.53 17494 2.15540.015
HD100777 2.39+0.16 30.86+1.71 56.24+4.14 1.16100 0.995+0.008
HD102272 1.2840.09 17.42+1.54 65.72+3.49 59192 1.91140.013
HD102272 1.2840.09 17.42+1.54 65.72+3.49 2.6%04 1.91140.013
HD106252 1.08+0.07 33.69+1.34 58.1643.68 7.56 1.003+0.004
HD106515A  1.65+0.18 28.9942.02 58.93£5.98 9.6170711 0.88140.009
HD108874 2.0540.2  34.23+2.81 57.4445.19 1.367015 0.988+0.008
HD108874 2.0540.2 34.23+2.81 57.4445.19 1.018703 0.988:0.008
HD111232 1.034£0.12  22.64+1.53 72.14+4.24 6.8 0.8£0.004
HD11506 2.9540.26 33.18+1.78 58.48+5.06 4.831022 1.25940.01
HD117207 2.04£0.21 33.91+1.83 56.96+5.72 2.06 1.031+0.007
HD11977 1.2140.1  27.342.61  61.6+4.48 6.29707 2.186+0.013
HD121504 1.67+0.13 34.16+1.21 56.87+4.31 1.22 1.098+0.005
HD125612 2.2140.18  33.22+1.45 57.87+4.53 3.0 1.1050.005
HD125612 2.2140.18  33.22+1.45 57.87+4.53 7.2 1.1050.005
HD130322 1.28+0.09 32.11+1.72 58.13+3.88 1.02 0.86+0.007
HD132406 1.63+0.13  34.08+1.48 55.714+4.35 5.61 1.086+0.005
HD134987 2.36£0.16 31.18+1.71 56.42+4.09 1.5970:05 1.107+0.008
HD13931 1.5+0.17  33.2+1.53  55.62+6.0 1.887012 1.074+0.005
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C. PLANETARY BUILDING BLOCKS

star Z (%)  firon () wg (%) msin(i) (M) M, (MO)
HD141937 1.614£0.15 33.99+1.49 55.9145.17 9.7 1.05+0.004
HD142022A  2.27+0.18  30.9+2.12  60.34+4.19 51128 0.95840.007
HD142245 2.1940.25 26.86+2.87 57.91+6.5 1.9702 1.477+0.009
HD143361 2.244+0.18 31.61+2.09 58.08+4.59 3.2+ 0.964+0.007
HD145377 1.5440.13 34.61+1.46 55.64+4.95 5.76701 1.1120.006
HD147513 1.2140.08 35.46+1.64 55.16+4.04 1.21 1.0020.004
HD147873 2.1140.19  32.8242.1  54.97+5.5 5.141031 1.48740.007
HD147873 2.1140.19  32.82+2.1  54.97+5.5 2.37018 1.487+0.007
HD149143 2.6240.25 32.03+£2.07 54.76+6.03 1.33 1.314+0.007
HD152079 2.4440.18 31.78+1.66 54.15+4.87 3.0739 1.099+0.008
HD153950 1.3140.1  31.42+1.61 56.57+4.71 2.7310-93 1.13340.005
HD154672 2.3540.14 31.11+1.58 55.76+3.59 5.027017 1.12140.007
HD154857 0.940.06  29.73+1.17  64.3543.0 2.2410-03 1.164+0.004
HD154857 0.940.06  29.73+1.17  64.3543.0 2.58101 1.164+0.004
HD159868 1.26+0.08 29.91+1.17 60.06+3.23 2.2187002 1.15940.005
HD165155 1.6340.15  33.62+1.69 56.86+5.07 2.8910-23 0.888+0.007
HD168443 1.9340.15  27.88+1.2 61.2343.93 7.659100%8 1.0940.005
HD169830 1.8540.17 33.7442.22  56.69+5.3 2.88 1.419+0.007
HD169830 1.8540.17 33.74+2.22  56.69+5.3 4.04 1.419+0.007
HD171028 0.68+£0.11 29.24+1.78  70.39+6.1 1.98 1.1660.004
HD17156 2.0+0.18  34.4+2.63 56.03+5.14 3.19170033 1.25440.009
HD183263 2.4840.22 33.32+1.87 53.9445.47 3.67703 1.181+0.008
HD183263 2.4840.22 33.32+1.87 53.94+5.47 3.821029 1.18140.008
HD188015 2.36£0.17 32.21+1.76  55.32+4.19 1.26 1.051+0.008
HD190647 2.4+0.14 28.81+1.67 55.28+3.72 197908 1.1240.008
HD190984 0.64+0.09 28.57+1.76 68.76+5.63 3.1 1.237+0.006
HD195019 1.4140.14 33.35+1.26 54.3246.01 3.7103 1.1060.005
HD196050 2.3440.16 31.56+1.63 58.843.78 2.83 1.193+0.008
HD196067 2.384+0.17 30.34+1.71 57.73+3.96 6.9739 1.31740.004
HD19994A 2.03+0.17  33.542.22  54.2845.17 1.371043 1.393+0.007
HD204313 1.96+0.18 32.35+1.48 56.96+5.17 4.28103 1.045:0.007
HD204313 1.964+0.18 32.35+1.48 56.96+5.17 1.68703 1.045+0.007
HD205739 1.8+0.16  35.75+2.12  55.05+4.9 1377508 1.288+0.012
HD20782 1.1840.08 33.05+1.16 59.8843.71 1.975:2 0.98240.004
HD210277 2.2540.19 30.48+1.63 60.58+4.33 1.2370:08 0.969+0.007
HD213240 1.8140.17  32.09+1.9 57.1745.22 4.5 1.222+0.005
HD216435 2.2240.2  32.3+2.18  56.245.35 1.267013 1.333+0.004
HD216437 2.3240.14 31.57+1.55 56.96+3.45 1.82 1.188+0.008
HD217786A  1.1240.11 30.2+1.44 60.88+5.02 13.010% 1.072+0.004
HD220689 1.2540.08 33.21+1.72 57.68+3.51 1.0679:59 1.043+0.004
HD220773 1.59+0.12  33.65+1.99 56.73+4.43 145703 1.23240.009
HD221287 1.26+0.09 34.79+1.79  55.09+4.01 3.0970-79 1.205+0.009
HD222582 1.3240.11 30.89+1.22 55.92+4.92 7.751 088 1.0040.003
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star Z (%)  firon () wg (%) msin(i) (M) M, (MO)
HD224538 3.1540.3  32.2941.93 59.49+5.01 5.971042 1.362-+0.007
HD23079 1.05+0.08 32.86+2.18 60.23+4.11 2.45%0-21 1.014+0.004
HD23127 3.3940.22 28.8942.07 55.19+3.9 1.5702 1.269+0.01
HD231701 1.3540.12  33.441.92  56.04+5.02 1.08 1.1940.005
HD23596 2.5140.22  32.83£2.0 55.47+5.24 8.1 1.30740.009
HD27442 3.3440.3  25.12+4.23  55.4+7.4 135751 1.353+0.013
HD27631 1.23£0.09 29.52+1.41 61.57+3.89 1.45%51% 0.928+0.003
HD28185 2.240.2  31.77+1.68 58.38+4.88 5.7 1.040.007
HD28254 3.1240.32  30.1242.0 57.24+6.11 1.1670:56 1.18140.009
HD290327 1.0940.09 30.43+1.19 59.82+4.37 2.547017 0.871+0.003
HD30177 3.1540.29 31.58+2.31 58.62+5.13 8.071015 1.06440.011
HD30177 3.15£0.29 31.58+2.31 58.62+5.13 3.0503 1.064+0.011
HD30562 2.25+0.15 33.91+1.74 54.99+4.05 1.297008 1.276+0.006
HD33142 1.6240.17 29.46+2.24 58.61+5.76 138510007 1.42240.009
HD38801 2.3+0.17  32.29+2.27 56.78+4.31 10.131033 1.23740.011
HD4313 1.75+0.15 28.62+2.77 59.13+5.11 2.310-2 1.54340.01
HDA47366 1.63+0.12  27.87+2.2  59.56+4.24 175702 1.798+0.009
HD47366 1.63+0.12  27.87+2.2 59.56+4.24 1.8610-18 1.798+0.009
HDA48265 3.15£0.31 29.01+1.93  56.345.87 1.1670:38 1.37540.009
HD50499 2.8240.28 33.08+1.51 58.1845.68 1457008 1.26540.009
HD50499 2.8240.28 33.08+1.51 58.18+5.68 2.937073 1.265:0.009
HD50554 1.340.09 33.21+2.42 57.22+4.16 5.16 1.077+0.005
HD52265 2.01£0.19  32.7£1.78  55.5245.19 1.2115:02 1.23840.009
HD5319 1.7940.15 26.36+2.37 59.28+4.83 1.94 1.416+0.009
HD5319 1.7940.15  26.36+2.37 59.28+4.83 1157058 1.416+0.009
HD5583 1.2440.08 19.44+1.57 66.61+3.22 5.7810:33 1.896+0.01
HD5891 1.2240.09 18.31+1.95 66.16+3.65 7.6704 1.952+0.013
HD60532 1.140.08  32.61+2.49 59.39+4.03 1.037002 1.51340.007
HD60532 1.140.08  32.61+2.49 59.39+4.03 2.461009 1.51340.007
HD65216 0.97+0.06 32.29+1.14 61.83+2.82 1.295%0-082 0.878+0.003
HD65216 0.97+0.06 32.29+1.14 61.83+2.82 2.03%511 0.87840.003
HD66428 2.46+0.22 30.39+1.91 56.92+5.16 2.8270:027 1.058+0.008
HD6718 1.134£0.08 32.91+1.2  59.02+3.72 156701 0.941+0.003
HD70642 1.8940.15  32.29+1.43 55.264+4.62 2.0 0.995+0.007
HD72659 1.314£0.09 31.03+1.28 57.0+3.85 3.15701% 1.1340.005
HD72892 1.9440.2 31.32+1.73 58.13£5.71 5.4570:37 1.028+0.007
HD73267 1.73£0.16  29.28+1.6  59.3745.0 3.0610:07 0.87+0.008
HD73526 2.4340.14  29.17+1.71 53.67+3.67 2.257012 1.136+0.005
HD73526 2.43+0.14 29.17+1.71 53.67+3.67 2.251013 1.136+0.005
HD73534 2.1740.28 28.01+2.94 56.5546.92 1.15 1.15+0.013
HD75898 2.36+0.21 33.23+1.84  54.2+5.4 2.51 1.322+0.007
HD82943 2.2240.15  33.841.27 56.94+3.88 4.8 1.154+0.008
HD82943 2.2240.15  33.841.27  56.94+3.88 4.78 1.15440.008
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star Z (%)  firon () wg (%) msin(i) (M) M, (MO)
HD86081 2.2240.21 31.47+2.51 56.7645.72 1.5 1.286+0.008
HD89307 1.0740.09 33.1841.23 58.55+4.34 2.0794 1.00940.004
HD9174 3.134£0.29 31.06+1.95 58.7+5.09 111004 1.218+0.012
HDY2788 2.3840.18  31.8+1.77 55.64+4.61 3.76018 1.0740.008
HDY2788 2.3840.18  31.8+1.77 55.64+4.61 3.76018 1.07+0.008
HDY8649 1.2240.07 33.0+1.79 58.25+3.41 6.79705 0.9440.003
HIP63242 1.354£0.09 18.56+1.65 63.96+3.74 9.18 1.974+0.013
HRS10 1.89+0.22 33.84+4.68 55.94+7.81 2.26701% 1.197+0.009
kappaCrB 2.0140.21 28.08+2.42 58.2346.22 1.6 1.507+0.012
KELT-6 0.8940.11 32.74+4.74 62.5146.3 3.717031 1.221+0.008
muAra 2.38+0.16 32.81£1.69 53.25+4.34 1.676 1.155+0.008
muAra 2.3840.16 32.81+£1.69 53.25+4.34 1.814 1.155+0.008
piMen 1.5540.14 33.25+1.17 56.77+5.26 10.021512 1.101£0.005
TYC+1422-614-1 1.45+0.14 26.94+2.88 59.5345.51 2.517012 2.02540.021
TYC+1422-614-1 1.45+0.14 26.94+2.88 59.5345.51 10.17934 2.02540.021
upsAnd 1.76+0.19  33.02+4.78 57.82+6.24 1.8170-26 1.343+0.007
upsAnd 1.76£0.19 33.02+4.78 57.8246.24 10.19 1.34340.007
upsAnd 1.76+0.19  33.02+4.78 57.82+6.24 1.059 15058 1.343+0.007
WASP-41 1.39+0.12 33.89+1.91 55.53£5.16 3.18703 0.889+0.004
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Table C.1: Table with the iron-to-silicate mass fraction - firon, the water mass fraction - wy and the summed
mass percentage of all heavy elements expected for the planetary building blocks - Z for the sample stars.
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