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ATMOSFERAS DE OBJETOS EN EL LIMITE SUPERIOR DE MASA
PLANETARIA PARA DISTINGUIR MECANISMOS DE FORMACION

La difusa linea divisoria entre las enanas cafés y los exoplanetas gigantes ha despertado
la curiosidad de astrénomos porque representan dos poblaciones de objetos astrofisicos,
fundamentales para la comprensién de la fisica planetaria y estelar, ya que comparten
propiedades fisicas. Se han barajado definiciones basadas en su masa o capacidad de fusionar
deuterio o en las vias de formacién para diferenciarlos. Ultimamente se ha propuesto distinguir
sus procesos de formacién a partir de su composicién quimica. Las capas superiores de las
estrellas y las enanas cafés contienen la composicién de la nube molecular de la que se
formaron. Sin embargo, los planetas se forman en un disco protoplanetario que rodea a
la estrella, lo que hace que diferentes moléculas se condensen a diferentes radios, afectando
directamente su composicién. La relacién entre el carbono y el oxigeno (/o) se ha propuesto,
por ejemplo, como trazador del lugar de formacion.

Este proyecto pretende comprender el panorama de las teorias de formacion junto a las
actuales herramientas de modelamiento atmosférico. Proponemos explorar una muestra de
objetos subestelares aislados y acompanantes para rastrear y comparar sus origenes en funcién
de su arquitectura. Comenzamos extrayendo los espectros de 24 objetos observados con
SINFONI en la banda K, ideal para estimar el © /o debido a las bandas del CO. Estos espectros
son uno de nuestros principales resultados. Luego los comparamos con las predicciones de
modelos atmosféricos de planetas gigantes y enanas cafés para derivar sus propiedades (masa,
temperatura, luminosidad, radio) y composicién en relacién con sus procesos de formacion.

De los 24 objetivos seleccionados, ABPicb nos llamé la atencion por su espectro de alta
calidad y los extensos conjuntos de datos ya reportados en la literatura. Dado el especial
interés que suscita el super Jupiter AB Pic b, nos centramos luego en revisar sus caracteristicas
atmosféricas y orbitales para estudiar su origen y naturaleza. Obtuvimos la distribucion
de energia espectral de ABPich, desde el éptico hasta el infrarrojo térmico, basandonos
en una extensa busqueda y la nueva observacion de SINFONI en banda K. Modelamos
el espectro con el cédigo ForMoSA, implementando dos grillas atmosféricas (Exo-REM vy
BT-Settl13). Obtuvimos una metalicidad ligeramente superestelar y un ¢/ estelar, no
reportados previamente. De los resultados, proponemos que las inestabilidades gravitacionales
o la acrecién de particulas a gran separaciéon (mas alld de la linea de nieve del CO) formaron
ABPich. Sin embargo, no se pueden descartar otros escenarios. Actualmente, estamos a
punto de publicar esta investigacion, que es nuestro segundo producto principal.



ABSTRACT OF THE THESIS TO APPLY FOR THE
DEGREE OF Master in Science, Mention in Astronomy
BY: Paulina Palma Bifani

DATE: 06/01/2022

GUIDE PROF.: Patricio Rojo Riibke & Gaél Chauvin

ATMOSPHERES OF OBJECTS ON THE UPPER PLANETARY-MASS
LIMIT AS A CLUE TO DISTINGUISH BETWEEN FORMATION
MECHANISMS

The diffuse dividing line between brown dwarfs and giant exoplanets has aroused the curiosity
of astronomers because they represent two populations of astrophysical objects, fundamental
for the understanding of planetary and stellar physics, and share common physical properties.
To differentiate them definitions have been considered based on their mass or ability to fuse
deuterium or their formation pathways. Lately, it has been proposed that we may distinguish
their formation depending on their atmospheric composition. The upper layers of stars and
brown dwarfs reflect the molecular cloud composition from which they formed. However,
when planets form, a protoplanetary disk surrounds the star, which causes different molecules
to condensate at different radii, directly affecting the planet’s atmospheric composition. The
carbon to oxygen ratio (“/5) on atmospheres has been, for instance, proposed as a tracer for
the location of formation.

This project aims to understand the latter planetary formation theories together with the
current atmospheric modeling tools. We aim to explore a sample of substellar isolated objects
and companions to understand whether a connection can be made between their present-day
configuration and their atmospheric composition. We started by extracting the spectra of 24
targets observed with SINFONI on the K band, ideally suited for estimating the ¢/ due to
the observable CO bandheads. These spectra are one of our main results. We then compared
them with the predictions of atmospheric models of giant planets and brown dwarfs to derive
their bulk properties (mass, temperature, luminosity, radius) and their composition.

From the 24 selected targets, ABPicb caught our attention because of its high-quality
spectrum and the extensive datasets already reported in the literature. Given the particular
interest in the massive super-Jupiter AB Pich, we focused on revisiting its atmospheric and
orbital characteristics to study its origin and nature. We obtained the most complete spectral
energy distribution of AB Picb, from optical, near- to thermal-infrared, based on an extensive
archival search combined with a new reduced K band SINFONI observation. We modeled
the spectrum with the forward-modeling code ForMoSA, following a multi-modeling approach
for two atmospheric grids (Exo-REM and BT-Settl13). We derived a slightly super-stellar
metallicity and a stellar © /o not previously reported. Analyzing the results, we propose that
either gravitational instabilities or core/pebble accretion at large separation (beyond the CO
snowline) likely formed AB Picb. However, other scenarios cannot be ruled out. Currently,
we are close to publishing this research, which is the second main product of this M.Sc.
project.
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Chapter 1

Introduction

The diversity of exoplanets detected over the past thirty years has wholly disrupted our
knowledge of planetary physics, chemistry, formation, architecture and evolution. The field
has benefited from the instruments, observational techniques, and data analysis methods
that are continuously evolving, revolutionizing the knowledge in this research area. However,
many questions remain to be solved. For example, how do the formation environment and
the evolution history of planetary-mass companions impact their atmosphere and spectral
signatures? The purpose of this chapter is to introduce the main ideas and approaches
explored during this thesis project to understand better the most accepted formation theories
and their connections to planetary atmospheric sciences. We will start by presenting the
current state of the art, then the scientific question we aim to answer, and finally, the essential
background topics regarding formation theories and their connection to atmospheric modeling
techniques.

1.1 Today’s Exoplanets Picture

Transit, direct imaging, and cross-dispersed spectroscopy, among other techniques, have
successfully allowed astronomers to explore the diversity of exoplanets. Since the first
characterization of HD 209458 b, a hot Jupiter (Charbonneau, 2002), exoplanets revealed
a broad diversity of masses, radius, orbital properties, and physical processes at play. Today
more than 4300 exoplanets with different characteristics have been discovered, which teaches
us different properties of these objects. It can be observed from Figure 1.1 that some parts
of the diagram show clustering of objects while others are nearly empty. This clustering is
tied to the detection techniques used, which all have their proper bias (especially at large
separations) and are also related to different formation mechanisms at short separations.

The upper right corner of Figure 1.1 shows the population of massive exoplanets at wide
orbits, among them, emblematic systems such as HR 8799 (Marois et al., 2010), 5 Pictoris
(Lagrange et al., 2019), HD 95086 (Rameau et al., 2013), HIP 65426 (Chauvin et al., 2017) or
PDS 70 (Keppler et al., 2018) which offer a rich opportunity to investigate the architectures of
young solar-system analogs, but also the atmospheres of young super-Jupiters sometimes still



accreting material (Haffert et al., 2019). Given these interesting characteristics, this project
focuses on the study of these massive, direct imaged, young and wide orbit exoplanets.
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Figure 1.1: Exoplanet diversity as a function of semi-major axis, planetary mass, planetary
radius, and system age. (Figure created from http://exoplanet.eu/)

1.2 Brown Dwarfs as Giant Planets Analogs

During the past decades, remarkable improvements in telescopes, instruments, and detectors,
have been made, which allowed us to directly resolve the atmospheric chemical composition of
cold, substellar objects of spectral types covering late-M, L, T to Y-dwarfs. These substellar
objects have been found as planetary-mass companions to stars as mentioned above but
isolated in space too. The observations have taught astronomers that there seems to be
no known barrier that differentiates brown dwarfs (hereafter BD) from massive exoplanets.
Definitions based on their physical properties, like mass or ability to fuse deuterium or
their formation, have been considered. The current picture proposes to consider BD as
failed stars, formed isolated or in multiple hierarchical systems in space and unable to burn
hydrogen. Even if formed as a stellar binary companion, their atomic abundance ratio and
bulk composition should not differ from the original molecular cloud values. The population
of BD companions orbiting stars overlaps in separation and mass with giant gaseous planets
formed at various locations in a protoplanetary disk but with potentially different chemical
compositions, impacting the metallicity and chemical abundances on the atmospheres, as
proposed by Mordasini et al. (2016).
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Exploring the origin and the nature of BD and exoplanets can therefore be approached by
peering into the atmospheres of young, substellar (< 75M},,,) companions and isolated objects
to track potential differences of composition related to different formation mechanisms. In
this line, the exploration based on medium resolution spectra of young, BD, and exoplanets
with atmospheric modeling techniques enables to retrieve key parameters like effective tempe-
rature, surface gravity, metallicity, and chemical abundances, including the carbon to oxygen
ratio. This ratio was measured for the Solar System planets decades ago and has been used
to discuss the Solar System formation. More recently, it has been proposed as a tracer of
formation mechanisms for exoplanets, as described by Oberg et al. (2011).

1.3 Formation Theories

We present an overview of the most classical and currently accepted planet formation theories,
which are Core Accretion (hereafter CA), Gravitational Instabilities (hereafter GI) and
Gravoturbulent fragmentation of a molecular cloud (hereafter GtF), and newer adaptations
known as Pebble Accretion (hereafter PA) and the Tidal Downsizing Hypothesis (hereafter
TDH). Next, we present BD and star formation theories to explain the formation of substellar
objects directly in molecular clouds. The variety of formation theories is a consequence of
the observed variation in the exoplanet population. Depending on the circumstances of the
environment, planets could form in several ways. We emphasize the formation processes of
massive planets because we can resolve their spectrum, and we expect to model their physical
and chemical properties. Finally, a review of different migration mechanisms can be found
in the last parts of this section since dynamical interaction between minor bodies happens,
which can dramatically modify the system’s architecture. These interactions can happen
while the system is still forming or after the protoplanetary disk is dispersed.

1.3.1 Companions Formed by a Bottom-Up Process

We will start by analyzing the bottom-up formation theories. The main idea is that on
protoplanetary disks, grains can grow from pm interstellar medium (ISM) size into mm
and even cm particles, called pebbles. Laboratory experiments, numerical simulations, and
observations have proven that grains grow into pebble size particles, as mentioned in Testi
et al. (2014). Nevertheless, growing those particles to form m and km size bodies, called
planetesimals, is difficult because the fragmentation and drift barriers affect the pebbles,
making them leave the disk or be accreted onto the host star. Currently, two leading theories
are based on a bottom-up description: CA and PA.

Core Accretion (CA)

The steps to growing particles from m to km size bodies on the Core Accretion scenario, as
described by Chabrier et al. (2014), are the following. First, the pebbles must stick and grow
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Figure 1.2: On the left panel, a schematic view of a classical CA model. On the left panel, a
schematic view of the GI formation theory. We observe the formation processes at an early
stage on the top while on the bottom at its final stage. (Priv. Comm. Simon Petrus).

to form a solid core. This process is highly inefficient due to the mentioned barriers, but
if the objects are close to the host star due to the high amount of pebbles, the timescales
are short enough to favor the formation of a solid planetary core. When the accretion of
planetesimals allow the formation a solid core, the growing core attracts a gas envelope,
but since the accretion of planetesimals not only increases the core mass but also releases
energy to the envelope, the mass of the envelope grows up faster than the mass of the core,
and it starts to dominate the gravitational potential. As a result, the envelope collapses
and the core starts accreting more mass, transforming into a giant planet (Chabrier et al.,
2014). A schematic general view of this process can be observed on the left panel of Figure
1.2. A detailed view of the accretion of planetesimals and the overcome of the meter barrier
can be found in Figure 1.3. The meter barrier is a physical limit that implies that forming
planetesimals is unlikely. The streaming instability is a possible solution to overcome the
meter barrier where local dust over-density regions allows pebbles to grow into planetesimals
and then into a planetary core. The accretion of material onto the star and the formation of
giant exoplanets and rocky exoplanets are possible outcomes.

In order for the CA process to happen, the initial core must have a mass over a critical
value which has been discussed in many works, but the radiative solution sets the critical
mass at ~ 10 Mg, (Pollack et al., 1996). Apart the core must be located at a few AU from the
host star. As enormous timescales are associated with the core growth and further envelope
accretion, some other issues make this theory wobble. For instance, core formation beyond 5
AU is impossible within typical lifetimes of protoplanetary disks. From the discussion given
on these ideas by Chabrier et al. (2014), it is clear that to explain the formation of a giant
planet beyond 5 AU, another mechanism must be involved. The reported values are valid
for the original CA theory but different studies may derive other results, as Rafikov (2006).
This could be migration or a mechanism that reduces the formation timescales considerably
but is not fast enough to slow down the gas envelope accretion (for example, PA).
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Figure 1.3: A detailed schematic view of the CA theory emphasizes the barriers that need to
be overcome and how they are overcome. On the bottom left, the PA scenario is explained.
(Priv. Comm. Simon Petrus).

Pebble Accretion (PA)

By revisiting the theory of planetesimal accretion onto the core, it has been observed that
soon after a dominant core emerges in the same way as described for CA, the surrounding
planetesimals tend to be destructed, and then those fragments are accreted more efficiently
by the surviving core. They are accreted due to the gas drag, making pebbles surrounding
the nascent core spiral toward it. In this scenario, giant planets can form at larger separations
of around 50 AU or even 200 AU for massive disks. In any case, explaining the presence of
giant planets at separations beyond 100 AU is still difficult for most cases. The main idea
here is that instead of favoring the sticking between particles to grow on a bottom-up grown
scenario where the bouncing barrier will be much more challenging to overcome, there will be
a small number of massive cores that can statistically easily overcome this barrier (Chabrier
et al., 2014). Due to small pebbles that can feed a growing core, the formation of planets at
larger locations is favored. These ideas can be observed on the bottom left section of Figure
1.3.

The dynamics of pebbles close to growing cores are fundamentally different from planetesimals.
Planetesimals can only be accreted from within a gravitational radius, but pebbles are pulled
out of their Keplerian orbits resulting in dissipation of their kinetic energy by friction and
subsequent accretion by the core. Growth rates in this regime are ~ 1000 times faster at
~ 5 AU and ~ 10000 times at ~ 50 AU (Chabrier et al., 2014). Pebble accretion is not an
efficient mechanism after the cores reach a mass of ~ 15M as showed by Paardekooper and
Johansen (2018). In that mass regime, the forming planet tends to open a gap in the pebble
distribution, causing them to stop being accreted. Blain, D. et al. (2021) suggested that this
would open space to start the gravitational collapse of gas to the core, which will lead to
the formation of giant planets. In this scenario, cores of 10Mg can form anywhere in the



disk, but from observations, it is rare to see giant planets beyond 25 AU. The reason behind
this radial observable limit is that compact disks are more common than extended ones, or
efficient migration mechanisms may bring the planets rapidly closer inside. However, planets
can be scattered by dynamical interactions, and they can be found at larger separations, as
the companions studied in this work.

1.3.2 Companions Formed by a Top-Down Process
Gravitational Instabilities (GI)

Another way of understanding the formation of substellar objects is a top-down process where
a gravitational collapse explains these bodies’ emergence. This process is also known as a hot
start because the formed body has high temperatures. This mechanism could explain the
emergence of both BD and giant exoplanets. Its called Gravitational instabilities (GI), but it
is also known as Disk Instabilities. The main idea is that on massive disks around protostars,
a fragmentation process can take place, and those fragments of over-densities could then cool
down and become the cores of gaseous giant exoplanets or BD. In order to create this type
of object, the disk must be highly massive, radially extended, and have appropriate cooling
conditions (Boss, 1997). To determine if the system is stable or if a fragmentation process
can occur, the Toomre’s stability criterion proposed by Toomre (1964). This criterion is
analogous to the Jeans stability criterion for stationary gas in molecular clouds but extended
for disks, taking into account the rotation of the particles around the central star. The
criterion (Qgqs) is described by Equation 1.1 where ¢, is the sound speed, & is the epicyclic
frequency, G is Newton’s constant and X the surface density. If Qy0s > 1, the disk will be
stable, but if Q405 < 1 gravitational instabilities occur.

Csk

ans = 7TG—E (11)

As mentioned on Nayakshin (2017), the core must be created at large distances, and the
initial process would be very similar to the stars’ cores forming on molecular clouds. The
formation of bigger bodies in the higher density fragments by the gravitational collapse of
a young and massive protoplanetary disk will be triggering the formation of more massive
objects. A schematic view can be found on Figure 1.2 on the right panel. After a dense
clump forms, a process of runaway mass loss will take place until the core starts to dominate
the mass of the planet. Since in this case, we have a hot start, initially the composition of
the core is similar to the ISM, but the core migrates inward while it is being formed, and
finally, we can expect that the outer layers of the envelope have a mix of materials made at
low and at very high temperatures Paardekooper and Johansen (2018).

From observations, massive and extended disks appear to be rare at early stages. However,
for this project, we are mainly interested in companions at large orbital distances (> 50 au);
therefore, we need to understand how these objects are formed. Apart, even if these massive
disks exist and there is fragmentation going on, it is not clear that those fragments can
cool down fast enough to survive. These arguments disfavoring the GI formation process
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Figure 1.4: (Nayakshin (2017), figure 25) A schematic illustration of how TDH may explain
the observed populations of low mass exoplanets, gaseous planets and low mass stars.

are valid for low-mass protostars. In any case, the exoplanet population is diverse, and we
may observe exoplanets that can be explained through this mechanism, particularly true for
planets observed at considerable distances from their host star where CA is unlikely due to
the disk’s lifetimes or to explain a third BD or exoplanet companion to a host binary. Apart,
these mechanisms appear to be able to jump over many difficulties that appear on the CA
model, as described by Paardekooper and Johansen (2018).

Tidal Downsizing Hypothesis (TDH)

In this same line, it has been proposed by Nayakshin (2010) that planets could be formed
through a complex mechanism known as the tidal downsizing hypothesis. This theory is, in
practice, an extension of the GI scenario but merges different ideas to explain the formation
of BD, gaseous exoplanets at different locations, and rocky planets altogether, making it a
very robust theory. First of all, a core is formed in regions of over-densities inside massive
protoplanetary disks at large separations by the collapse of the material. This core can evolve
in two different ways. A resume of the different involved mechanisms and outcomes can be
observed in Figure 1.4 from Nayakshin (2017) and is explained below.

On one side, if no more gas is accreted, there are three possible outcomes. i/ A second
collapse can make the surrounding gas to be accreted, and following this way, the formation
of a hot or cold Jupyter-like planet is explained. ii/ If the core suffers from tidal disruption
at a few astronomical units from the star, it can lower its initial mass, and the Earth-like
planet’s population and asteroids can be explained as outcomes of this disruption. iii/ If
the migration is slow and the tidal disruption affects mainly the gaseous envelope, then the



population of sub-Neptune planets and debris belts are the outcomes. Conversely, if the core
accretes more gas from the surroundings, a secondary star can be created, a massive one or
a BD.

This theory is much newer than the other proposed ones, and therefore it still needs to be
observationally tested and has been questioned by some works, for example, Forgan et al.
(2017). In any case, this attempt to unify the theories is fascinating. However, some initial
conditions may make this theory unlikely to explain the exoplanet population in general, as,
for example, the requirement of a massive disk surrounding the star at early stages. In the
coming years, it will be interesting to see how this theory is tested by comparing the location
of formation of exoplanets and their physical and chemical properties to the predictions of
this hypothesis.

1.3.3 Formation of Substellar Object in Molecular Clouds

Gravoturbulent Fragmentation (GtF)
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Figure 1.5: Variation in column density for a molecular cloud and a schematic view of
the fragmentation of a molecular cloud leads to the formation of a star and a substellar
companion. (Priv. Comm. Simon Petrus).

The third family of formation mechanisms that we will discuss is GtF. In molecular clouds,
large-scale turbulence can be injected, which will cascade down to minor scales by shocks.
In specific over-dense regions, gravity can overcome other sources that may support collapse,
and cores may be created and isolate themselves from the surrounding material, which are
less massive than 87 M,,,, the lower mass limit for star formation (Baraffe et al., 2015).

In Figure 1.5 we observe irregular variations in density in a molecular cloud and a schematic
view of fragmentation of a molecular cloud which leads to the formation of a primary and
a less massive companion. What is essential to understand from this scenario is that it is



inappropriate to use the average thermal Jeans mass as an estimate for characteristic mass
for fragmentation in molecular clouds. Through turbulence, less massive cores could form
isolated or emerging as companions, which we usually identify as brown dwarfs. This theory
outcomes nicely match observations of stars and BD abundances, because the initial mass
function (IMF) is already imprinted in the cloud conditions. One could think that due to
turbulence, formed cores could fragment into many small objects, but other processes such as
the presence of magnetic fields, can slow down the fragmentation process, and the outcomes
appear to be consistent with observations (Luhman, 2012).

In summary, as mentioned in Luhman (2012), it seems relatively robust to affirm that young
brown dwarfs and young stars: i/ exhibit similar radial velocity dispersion, ii/ have similar
spatial distribution in young clusters, iii/ have mass distributions consistent with the same
underlying IMF, iv/ have both wide binary companions v/ exhibit similar accretion and
disk chemical signatures, vi/ have similar disk fractions, vii/ both exhibit outflows and viii/
have both been identified at the early pre-stellar/BD stage of core formation in isolated
environments. It seems from all the above arguments that stars and BD formation seem to
share many observational signatures, an argument favoring this mechanism of formation that
points to a common origin to explain the populations of the two types of objects.

Stars

As a piece of complementary
information for formation theories,
a classical star formation process
can be observed in Figure 1.6.
Here a star is forming due to
the gravitational collapse of dense
regions within molecular clouds.
Once the material collapse and
pressure and temperature are high
enough on the star’s core, hydrogen
atoms start to fuse to form helium
releasing giant amounts of energy
in the process. Since the stars
formed directly from the molecular
cloud by gravitational collapse, it’s
composition is expected to reflect Figure 1.6: Classical star formation scheme.
the chemical composition of their

initial environments.

Accretion-Ejection

Another proposed mechanism for BD formation is Accretion-Ejection, mentioned in Chabrier
et al. (2014). In this case, we can think that ~ 1 M,,, embryos form by accretion through
efficient dynamical fragmentation of molecular clumps on clouds but then are ejected from



the surrounding gas reservoir. The simulation outcomes produce more stars and BD than
the actual observed population rate, and this scenario does not explain the existence of BD
in low-mass environments since dense molecular clouds are needed as an initial condition.
Since observationally, BD’s are created as efficiently in low mass environments as in denser
ones, this formation process is probably viable in particular scenarios but not a fundamental
star and BD formation mechanism, as described by Chabrier et al. (2014).

1.3.4 Migration Mechanisms

If there is no migration, for example, CA and PA based models predict that massive planets
should exist at separations of around (~ 1 — 5au for CA / ~ 1 — 25au for PA) to accrete
enough gas, and Earth-like planets would form at closer distances. However, this was proven
wrong by the existence of hot Jupiters and large orbit giant planets. We may ask ourselves if
hot Jupiters form by other mechanisms that we did not explore, or do they migrate inwards?
Migration happening in protoplanetary disks and later are pretty different in physics and
expected outcomes which is why it has been classified by different types: usually from 0
to III. We will visit migration mechanisms theories in this subsection, and the expected
outcomes since the formation analysis of exoplanets cannot be considered complete if we do
not consider the possible interactions of forming planets with the protoplanetary disk and
with other planets of the systems. The following subsections will be based on the results
and the discussions about migration presented on Paardekooper and Johansen (2018) and on
Marleau et al. (2019).

Type 0 Migration

Type 0 migration mainly describes the motion of dust and pebbles through the disk. We
expect that dust drifts inwards over time due to higher pressure in inner regions. When
the particles are approximately 1 cm in size, the inward drift becomes very efficient, and
particles end up falling onto the central star. This drift occurs vertically too, also called
settling, leading to bigger mid-plane particles than those located at higher scale heights. In
summary, this will produce that the particles order themselves by size. Other processes, for
example, turbulence, could difficult for them to settle and remix them (see Figure 1.7). These
mechanisms, however, happen at short time scales and early stages. In this sense, it does not
affect the already formed planets but drives the chemical composition differentiation with
radial distance. The chemical differentiation is critical for later analysis of the formation
location because it might be imprinted on the atmospheres of the forming planets.

Type I Migration

Type I migration, as described by Paardekooper and Johansen (2018) is an efficient mechanism
for low mass planets (M < 1 Mpyeptune). Particles that fly close by to a planet feel their
gravitational force and therefore suffer a change in their trajectory, and as a consequence,
the planet feels a reacting force when it scatters the passing by particles that will push it to
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Figure 1.7: (Testi et al. (2014), figure 1) Schematic view on migration and growth of particles
inside a protoplanetary disk

migrate. Since this study is focused on giant gaseous planets, we will not deepen the analysis
of this migration mechanism. However, for general knowledge, the left panel of Figure 1.9
shows a simulation of a low mass planet undergoing type I migration (Armitage).

Other works have proposed that this
type of migration could be responsible

for the migration of forming bodies in 120!
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Figure 1.8: Separation vs time due to type I
migration for GI cores. (Figure from Nayakshin
(2017))

Type II Migration

Type II is the migration mechanism that happens after a massive planet opens a gap in
the gas and dust distribution of the protoplanetary disk. In the right panel of Figure 1.9 a
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Figure 1.9: A simulation where on the left side the planet is migrating on type I regime while
on the right the planet has a higher mass and is migrating on a type II regime. The images
show cuts from a simulation done by Armitage. On the lower left corners of each panel, a
radial profile of the disk is observable. On the type II migration regime, a clear gap appears
on the disk.

simulation showing a massive planet that opened a gap is shown. When the gap appears, the
interaction between the planet and the surrounding disk changes. If the gap is wide enough,
the interaction between planet and disk stops. In this scenario, if the planet migrates a small
amount inwards, the disk’s inner edge will push the planet through a wave torque back to
its original location, and the opposite situation occurs on the outer edge.

If we study the global disk evolution as a function of time, we would observe that the host
star is slowly accreting the entire disk. For this process, the planet behaves just like another
particle since it is locked inside the gap. Therefore, the gap will be approaching the host star
during its evolution. This process is called type II migration. To explain how the host star
stops accreting material, no universal agreement has been reached yet.

Type III Migration or Planet-Planet Scattering

After the planets are formed, they can still interact since these systems are chaotic. Marleau
et al. (2019) tested the likelihood that HIP 65426, a wide orbit exoplanet (semi-major axis
~ 100 AU), could have been formed by CA closer inside and have migrated later to its current
location by interactions with other bodies. The outcomes of one of their simulations can be
observed in Figure 1.10. The location of the planets drastically changes over time due to
close encounters while the disk was still present. The violet planets enter a phase of Runaway
Accretion followed by an interaction with another of the planets to later evolve in type II
migration to its final position. The mass of the planet increases until just before the disk
disperses, and the position has remained unchanged since then for this specific simulation.

In general, the work done by Marleau et al. (2019) summarize pretty well the diverse
possibilities for interactions and outcomes in planetary systems. Simulations have proved
that a planet formed by CA can end up through migration mechanisms at large orbits (around
100 AU). An interesting observation is that planets can be expelled from the system through
these scattering events, thrown onto the central star, collide, and end up at wide orbits still
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Figure 1.10: (Marleau et al. (2019), Figure 4) Planet-planet scattering interactions simulated
to explain the current location of HIP 65426 b if formed closer in by CA. The orbital distance
evolution for all planets in the system as a planetary mass function is shown on the left panel.
On the right panel, we observe the mass, semi-major axis, and eccentricity as function of time.
The shaded gray area represents the time where the disk was still present in the system. On
the left, solid lines show the planets’ semi-major axes, while dashed lines show the planets’
pericentres and apocenters. Filled black circles represent final masses and semi-major axes
for surviving planets. Black horizontal lines show the extent of the planets’ final orbits from
pericentre to apocentre. The red cross indicates the expected mass and projected orbital
distance of HIP 65426 b.

gravitationally bound to the host star. In this last case we observe that highly eccentric orbits
are highly probably outcomes, and therefore studying the orbital properties of exoplanets at
large separations can tell us some insights into their formation and evolutionary history.

1.4 Direct Imaging Spectroscopy

Direct imaging studies have mainly focused on young, self-luminous giant gaseous planets,
not strongly irradiated and orbiting their host star at relatively large separations, usually
> 100 mas in projected separation for current instruments. For example, 5 Picbh, one of the
closes direct imaged exoplanets, has a projected separation of ~ 400 mas (Chauvin et al.,
2012), equivalent to ~ 9au given its distance of 63.4pc to the sun. The targets we are
studying in this project meet these characteristics and they offer a very complementary view
between transit and cross-dispersed studies of Hot Jupiters and the classical spectroscopic
characterization of young isolated BDs (Jameson et al., 2008; Allers and Liu, 2013). For
example, the transiting exoplanet discovered further away from its host is EPIC 248847494
b, with a semi major axis of 4.5au and located at ~ 550 pc (NASA Exoplanet Archive').
SPHERE at VLT (Beuzit et al., 2019), GPI at Gemini (Macintosh et al., 2006) or SCExAO/
CHARIS (Groff et al., 2015; Jovanovic et al., 2015), have yielded low-resolution (R ~ 50)
emission spectra and photometry of tens of exoplanets exhibiting broad unresolved molecular
bands (H,O, CHy, VO, FeH, CO) in the near-infrared (0.95—2.45 yum). Those observations
can be compared to predictions of atmospheric models to infer first-order information on

"https://exoplanetarchive.ipac.caltech.edu
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the physical properties, mainly effective temperature (7.;r) and luminosity (log(L/Lg)).
However, they are lacking crucial information at higher resolution (R, > 1000) to resolve
atomic and molecular lines and enable a detailed atmospheric exploration of fundamental
parameters as metallicity ([M/H]), carbon to oxygen ratio (¢/o) and isotopologues ratios
(e.g. D/H, BCO/P?CO, BN/MN), believed to be tracers of formation (Nowak et al., 2020;
Molliere and Snellen, 2019).

An exploration of exoplanets’ rotational and radial velocities, connected to their spin and
three-dimensional orbital properties becomes feasible with higher resolutions, when specific
absorptions lines start to be resolved (Snellen et al., 2014). Currently, a minimal number of
exoplanets have been characterized at high spectral resolution (R, > 10000), among them,
Pictorisb (Snellen et al., 2014), GQ Lupib (Schwarz et al., 2016b), HR 8799 planets (Wang
et al., 2021), and HD 106906 b (Bryan et al., 2021). Young giant exoplanets at wide orbits offer
unique laboratories to explore the spectral diversity together with formation and evolution
scenarios through the understanding of their atmospheres, their properties, and the system
dynamics and stability in connection with the stellar host properties. Therefore, these targets
are ideally suited for being observed with the upcoming telescopes, such as the James Webb
Space Telescope (JWST?, first light 2022, GTO target), and the Extremely Large Telescope
(ELT3, first light 2027), allowing a broad wavelength range coverage, as observable in Figure
1.11.

Currently, a set of instruments observe at
medium resolution and can partly isolate a
rich set of molecular absorptions contained
in a spectrum over broad wavelength ranges
allowing reasonable estimations for many
physical properties. For example, adaptive-
optics-fed integral-field spectrographs (IFS)
operating at a spectral resolving power of
Ry, = 2000 — 5000 in the near-infrared,
such as SINFONI at VLT, perform this type
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As mentioned, to study how these types of objects have formed, the signatures imprinted
on their atmospheres are crucial pieces of information. Since direct imaging is a technique
that allows observing a wide spectral range, in medium to high resolution, by dispersing the
incoming light, it is ideally suited for these research topics.

’https://jwst-docs.stsci.edu
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1.5 Modeling the Atmospheres of Giant Exoplanets

The determination of the physical properties of giant planets and BDs from pre-computed
models of atmospheres has been approached by astronomers during the last years mainly
by two different techniques: Retrieval Methods (Lavie et al., 2017) and Forward Modelling
(Petrus et al., 2019, 2021). As described by Madhusudhan (2018), exoplanetary atmospheric
retrieval methods refers to the exploration of atmospheric properties of an exoplanet given its
observed spectrum using an approach driven by the data themselves with simple atmospheric
models completely parametrized. The properties include usually chemical composition,
pressure-temperature profiles, cloud and hazes, and energy circulation. From these properties,
key insights into the physical and chemical processes at atmospheres of exoplanets can be
derived, as well as their formation mechanisms.

For this project, we follow a more classical, forward modeling approach that, as inputs,
receives a previously computed atmospheric model in the form of a parameterized grid which
is compared to the observations through a Bayesian approach. In this case, the physics
and the realistic description of the planetary and BD atmospheres completely drive the
development of the models, and the main computation lies within the computation of the final
spectral grid/predictions. The main advantages of this approach over free retrieval methods
are the computation time and the inclusion of more physics, in particular concerning cloud
modeling. Different atmospheric grids are currently available computed by different research
groups, such as BT-SETTL13 (Allard et al., 2013), Exo-REM (Charnay et al., 2021), among
others, following different physical principles to model the atmosphere of giant planets and
BDs. This section will describe how atmospheric models are pre-computed and how forward
modeling performs explorations.

1.5.1 Pre-Computed Atmospheric Models

The pre-computed atmospheric models are based on a radiative transfer description, including
opacity sources of the molecules expected to be present on the atmospheres of these objects
and their abundances, which can be observed in Figure 1.12. Attempts to include clouds,
hazes, winds, disequilibrium chemistry, and thermal inversions, to mention some examples,
have been carried out to reproduce the rich set of emission and absorption lines observables in
their spectra, processes which are listed in the center of Figure 1.12. Clouds, hazes, and winds
are directly included in the computation of the models and cannot be modified afterward
since they are included in the radiative transfer description of atmospheres and are not a free
parameter. Today the models are succeeding in fitting the atmospheric chemical signatures,
but given the complexity of these systems, attempts to develop 3D models are being carried
out nowadays, assuring to revolutionize the topic in the following years (Fortney et al., 2021).
For this project, we implemented two atmospheric grids, BT-SETTL 13 and Exo-REM, for
which the available parameter ranges are listed on the Table 1.1. ForMoSA interpolates and
extrapolates the parameters to have broad coverage and the possibility of a refined grid. The
dimension for each parameter and each grid is observable in Table 1.1, on the right side of the
range. A description of the basis of the models is given below for both implemented grids.
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Figure 1.12: (Figure 1 from Madhusudhan (2019)) Active processes in exoplanetary
atmospheres and how different parts of the electromagnetic spectrum probe them. These
processes occur in different regions of the atmosphere and are labeled at the appropriate
location. The penetration depths of UV, optical and infrared are shown on the right indicating
the chemical species whose signatures can be detected. On the left three types of temperature
profiles are shown: a highly-irradiated planet with a thermal inversion (red), an irradiated
planet without a thermal inversion (cyan), and a poorly irradiated planet (grey, dashed).

Table 1.1: Parameter spaces explored by the implemented atmospheric models and other
characteristics as their wavelength ranges and the inclusion of clouds into the models. The
dimension of each parameter is listed together with the minimum and maximum value.

BT-SETTL 13 Exo-REM
Parameter width dim width dim
wavelength (um) 0.3—15 1087001 0.667 — 251.6 29922
Terr (K) 1400 — 2200 9 400 — 2000 33
log(g) (dex) 3.5—-5 4 3-5 5
[M/H] 0.0 1 —0.5—1 4
/o 0.275 — 1.096 3 0.1 —-0.8. 15
clouds included included

BT-SETTL 2013

BT-SETTL13 is part of a family of atmospheric models by Allard et al. (2013) that include a
1D cloud model where the abundance and size distribution of 55 types of grain is determined
by comparing the timescale of condensation, coalescence, gravitational settling, and mixing
of solids that are supposed spherical. The details of each solid and chemical element are
described in Rajpurohit et al. (2018). The opacities are calculated for each line, and the
radiative transfer is carried on by PHOENIX (Hauschildt et al., 1997; Allard et al., 2001).
The convection is handled following the mixing-length theory and works at hydro-static and
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chemical equilibrium. The model also accounts for non-equilibrium chemistry between C'O,
CH,, COs, Ny, and N Hj. This grid we used provides spectra fitting for three free parameters
and a constant solar metallicity ([M/H] = 0.0) as listed in Table 1.1.

Exo-REM 2021

Exo-REM is an atmospheric radiative-convective equilibrium model presented in Charnay
et al. (2021); Blain, D. et al. (2021) including a cloud description well suited for reproducing
spectra where dust dominates, especially at the L-T transition. Like the BT-SETTL13
models, the atmosphere is cut into pressure levels where the flux is calculated iteratively
using a constrained linear inversion method for radiative-convective equilibrium. The initial
abundances of each element are first established using the values tabulated in Lodders (2010).
The model includes the collision-induced absorption of Hy — Hy and Hy — He, ro-vibrational
bands from nine molecules (H,O, CH,, CO, COy, NH;3, PH3, TiO, VO, and FeH), and
resonant lines from Na and K. As BT-SETTL13, Exo-REM accounts for non-equilibrium
chemistry between CO, CHy, COy, and N Hj due to vertical mixing. The abundances
of the other species are computed at thermochemical equilibrium. The vertical mixing is
parametrized by an eddy mixing coefficient from cloud-free simulations. The cloud model
includes iron, silicate, NayS, KCI, and water clouds. This grid is parametrized by four free
parameters, which are Ty, log(g), [M/H] and /o, modeled for the values intervals listed
in Table 1.1. The spectra can be recovered on the wavelength ranges listed in Table 1.1.

1.5.2 Forward Modeling: The Tool ForMoSA
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Figure 1.13: Visual explanation of the Nested Sampling algorithm. It restricts areas of equal
likelihood at each iteration, from which the posteriors are a by-product. (Priv. Comm.
Simon Petrus).

ForMoSA (Forward Modeling tool for Spectral Analysis), presented and detailed in Petrus
et al. (2021), is a tool based on a forward-modeling approach that compares observations
to grids of pre-computed synthetic atmospheric models using Bayesian methods. It relies
on a Nested Sampling algorithm, described by Skilling (2006), to determine the posterior
distribution function (PDF) of a set of free parameters, explained visually in Figure 1.13.
This method performs a global exploration to look for local likelihoods maxima following
an iterative method that isolates a progressively restrained area of same likelihood while
converging toward the maximum values (see Figure 1.13). It avoids missing local maxima
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of likelihood since it evaluates the Bayesian evidence used for performing model selection
(Trotta, 2008). The errors given by ForMoSA are statistical and are determined for each
parameter as the range which encompasses one sigma assuming Gaussian distributions, and
they do not include possible systematic errors in the models (Petrus et al., 2021). Whenever
the posterior distribution does not show a maximum, the user can define upper limits on the
given parameter.

ForMoSA allows the user to fit for the fundamental parameters that describe an atmosphere,
which are currently less than five. The basic ones are T.;; and log(g), and depending on
the model [M/H] and ¢/ ratio may be included, among other variations. Spectra can be
affected by other physical processes like the Doppler shift due to the orbital movement and
the broadening of the lines due to the planet’s spin. Therefore, ForMoSA allows fitting for i/
the radius of the planet (R) to account for the flux normalization of the models given a known
distance; ii/ the extinction coefficient (A,) to consider extra reddening of the source due to
dust or gas in the ISM or surrounding the object; iii/ the radial velocity (RV) to estimate the
Doppler shift induced to the lines given the orbital motion of the target; iv/ the projected
rotational velocity (vsin(i)) to explore possible broadening of the lines due to rotational
effects; and v/ the limb-darkening necessary for the estimation of the lines broadening in the
fitting of vsin(i). By including these five parameters, the models are modified before being
compared to the observations.

1.6 Tracers of Formation

In this section we review the general physical properties that characterize substellar objects
connected to their formation processes. We start by analyzing the expected [M/H| compared
to the host star, the surface gravity and the orbital properties. Then we move to analyze
the expected ¢/ ratio for objects formed by the different mechanisms previously explained.

Finally, we will analyze other proposed formation history tracers in literature, especially the
2C0/BCO ratio.

1.6.1 Physical & Chemical Properties

Observations have taught astronomers that the chemical composition of stars reflects pretty
well the primordial conditions of the interstellar medium. Therefore, we can classify stars
by population (1, 2, and 3) depending on their metallicity, which relates to their age and
formation environments. When planets form, a protoplanetary disk surrounds the star,
which organizes the disk by particle size and temperature, causing those different molecules
to condense at different radii. Therefore, the formation mechanisms will impact the chemical
elemental abundances on the atmospheres. The [M/H]| is interesting to analyze in this
context, as shown in Table 1.2, but an enhancement of this value can come from core erosion
and mixing into the envelope or late bombardment by planetesimals during and post runaway
accretion.

Together with the previous idea, exoplanets usually have surface gravity values 100 to
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1000 times smaller than BD, which affects the vertical mixing and gravitational settling
of condensates in their atmospheres, leading to thicker cloud layers, upper atmosphere sub-
micron hazes, and cloud opacities remaining down to T¢ sy of 600 K at early ages (Madhusudhan
et al., 2011).

As previously mentioned, exoplanets can migrate. In this sense, constraining the orbital
properties when studying wide orbit, young, direct imaged exoplanets, is fundamental. If the
eccentricity of the orbit is low (~ 0), in situ formation mechanisms are favored. However,
if the eccentricity is high, the companion probably suffered a planet-planet scattering event
from which its orbit got elongated (Marleau et al., 2019). All these different proposed tracers
can be studied when modeling the atmospheres and interpreting the posteriors compared to
the expected characteristics of different formation scenarios.

Table 1.2: The expected metallicity [M/H] relation between the host star and the companion
depending on different formation mechanisms.

Formation Theories Host vs Companion

GtF & Binaries [M/H\post = [M/H]cComp.
GI & TDH [M/HHost < [M/H]comp.
CA & PA [M/H]gost < [M/H]comp.-

1.6.2 The ¢/, Ratio
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Figure 1.14: (Hoeijmakers et al. (2018), Figure 5) Model templates of CO, HyO, CH,
and N Hj at high (R ~ 106) spectral resolution (light colour) and convolved to a spectral
resolution of R = 5000 (dark colour). The vertical dashed lines indicate the wavelength range
of the K band SINFONI data.

Connecting the ¢/o ratio to theory can be done because it is a parameter that we can
estimate. The atmospheric models are computed, as mentioned, by taking into account
different physical mechanisms and the opacities of different elements, among them, CO,
H50, and C'H4. As example, the K band model templates for CO, H,O, CHy and N Hj
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are observable in Figure 1.14, as reported by Hoeijmakers et al. (2018). These molecules
have distinguishable features on this band, which is why we choose K band SINFONI data
to perform this project. The ©/, ratio dependence on atmospheric mole fractions (N) is
given in Equation 1.2, taken from Wilcomb et al. (2020) and is one way of measuring the
¢ /o from atmospheric models but does not mean that it is the only method. We do not use
this definition for atmospheric modeling purposes, but it is interesting to observe. After this
brief introduction on the /o measurements, we can study its expected values for different
formation mechanisms.

C N(CH4) + N(CO) (12)
O~ N(H»0) + N(CO) ‘
“/o Ratio for Stars
T L T q 0 71 All Stars
o PDF All
250 [0 Known Hosts
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Figure 1.15: Left panel: (Chiappini et al. (2003), Figure 3, adapted) Time evolution of
“/o and ¥ /5 in the solar vicinity for different models. Right panel: (Brewer and Fischer
(2016), Figure 1) Distribution of /o ratio for a sample of 849 high S/N, slowly rotating
dwarf stars from the catalog of Brewer and Fischer (2016) with 6100 > T,y > 4800. The
orange portions of the bars indicate known planet hosts. Probability density functions (PDF)
calculated using a Gaussian kernel density estimator and scaled to the area of the histograms
are also presented. The gold star marks the position of the Sun in this sample (¢/ 0e = 0.55)
and the dashed line marks the ©/, ratio at which it may be possible to form carbon-rich
terrestrial planets.

As mentioned, the elemental composition of stars reflects pretty well the primordial conditions
of the interstellar medium (ISM) from which it formed, a valid assumption for BD too if
formed in the molecular cloud by any of the described theories. Therefore we can expect
that these objects have an ISM ¢/, ratio as well. We observe that the ISM has not had a
constant metallicity during the evolution of the universe, and therefore the time of formation
of a star will have a significant impact on its ¢/ ratio (Chiappini et al., 2003) (see left panel
of Figure 1.15) The different lines represent different models, but the crutial constraint is
that for all models, the ¢ /o ratio of young systems is expected to be higher than for older
ones. In this same line, Brewer and Fischer (2016) measured the ¢/ ratio distribution for
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stars which is observable on the right panel of Figure 1.15. We see the sun’s position, and
we expect that newly formed systems have values slightly higher, around 0.6 to 0.7.

“/o Ratio for Companions Formed by a Top-Down Process

A companion formed by GI or GtF should have an ISM ©/, ratio on its atmosphere. These
mechanisms are different since GtF happens directly inside the molecular cloud, but GI is a
process that occurs at the early stages on an already formed protoplanetary disk. The reason
why both these mechanisms are expected to have the same ¢/, ratio is because GI formation
mixes solids and gas and happens at large separations, usually beyond the C'O snow line;
therefore, no variation in /5 compared to the ISM is expected.

However, the formation analysis must consider migration mechanisms and accretion of solid
at final formation stages to account for the evolution and dynamics of the systems. If a
BD is found to have an unexpected /o ratio, a further analysis on the mechanisms that
change this ratio, as done by Madhusudhan et al. (2016) can be performed. They studied
the atmospheric composition of three brown dwarfs and found out that predominantly those
targets have ¢ /o > 0.7 and sub-solar C and O abundances. Those results could indicate that
the objects studied are from an early generation of stars or formed, for example, by a CA or
GI process with further accretion of solids.

“/o Ratio for Companions Formed by a Bottom-Up Process
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Figure 1.16: Variation of the ¢ /o ratio of the gas and solids in a disc due to the CO, COs,
and H,0 snow lines. The expected ratio between the snow lines is given in the bottom part
of the figures for the solid and gas component. (Priv. Comm. Simon Petrus).

Carbon and oxygen are typical atoms, together with hydrogen, present in multiple molecules
with different freezing temperatures. Therefore it has been proposed that the /o ratio
on the atmosphere of a young giant gaseous exoplanet could contain information about its
location and history of formation. The ¢/, ratio vary for different radial locations for gas
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and solids on the protoplanetary disk around the host star, as showed in Figure 1.16. The
radial variation is triggered by the snow lines, for example, from H,O, CO,, and CO (Oberg
et al., 2011). Massive planets formed by CA or PA accrete their gaseous envelopes at the final
formation stages. Therefore the ¢/ ratio of the planet’s atmosphere will have the same value

as the gas value at the location at which the exoplanet accreted its envelope (Madhusudhan,
2019).

The following key and less instinctive points are crucial for the understanding of these ideas:

e The giant planet’s atmospheric composition depends on the relative amounts of gas
and solids accreted from different locations in the disk relative to the snow lines. For
example, the ¢/ of an atmosphere can be lowered if the planet accretes solids at large
separations since the solids have lower /o (see Figure 1.16).

e An early study on the ¢/, was presented by Oberg et al. (2011) where they analyzed
known host stars and studied how their ¢/, varied as a function of radius and spectral
type. One of their results is a direct radial dependency of the “/o and a strong
dependency on the host star spectral type. Expected, since less massive stars are
less luminous, thus less hot and irradiate less their protoplanetary disk. The disk will
be colder, and the snow lines closer in, resulting in an increase of the /5 at shorter
radius for colder stars.

e Stars change their temperature over time, producing a change in temperature for the
protoplanetary disk over time. These temperature changes are strongly dependent on
the star mass, observed in detail in the publication by Miley et al. (2021). For example,
low-mass stars cool down with time, but more massive stars cool down during the
first million years of their evolution to later increase their temperature again, which
means that the snow lines will be changing their location over time. Thus, the proper
understanding of the time of formation of giant exoplanets and the host stars’ properties
is crucial to relate later their /o ratio with their location of formation.

e Schneider and Bitsch (2021) shows the dependency of the ¢/, ratio with the distance
to the host star and found out that the ¢/ ratio increases for the atmosphere of
giant planets with increasing distance, but this variation does not depend just on the
radius. They introduce the analysis of a second parameter simultaneously, which is the
planetary mass, and found a correlation between mass and ¢/, ratio.

e The migration of planets due to the interaction with the disk or other planets can
significantly impact the atmospheric composition if the planet accretes solid bodies
while changing its orbit, impacting, therefore, the ©/, ratio. However, tracing such a
process is very difficult since many outcomes are possible for N-body interactions in a
system.

In conclusion, to have a deep understanding of the location of formation of a planet formed
through bottom-up mechanisms, the /o ratio will constitute a crucial piece of information.
However, it is not sufficient since it can be affected by many external factors, and those
degeneracies are challenging to overcome.
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1.6.3 2CO/BCO Isotopologues Ratio

Recently more tracers of formation location in protoplanetary disks have been proposed.
Among them, an exciting tracer that could apply to these types of objects is the 12C0O/3CO
isotopologues ratio, proposed by Zhang et al. (2021) and by Molliere and Snellen (2019). In
this line, Zhang et al. (2021); Zhang and Snellen (2021) measured that a young isolated BD
has a roughly ISM 2CO/"BCO = 9712 while TYC 8998, a wide orbit (150au) companion
has a 2CO/¥CO = 31%7 probably due to a significant accretion of *C' enriched ice at
its final formation process, respectively. In Figure 1.17 a schematic representation of how
the 12CO/BCO ratio may vary for exoplanets formed far outside in protoplanetary disks
can be observed. This idea promises, together with the ¢/, measurement, to have reliable
constraints on the location of formation of giant planets at wide orbits.
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Figure 1.17: (Zhang et al. (2021), Figure 3) Cartoon of the birth environments of planets in
a proto-planetary disk. Beyond the CO snow line carbon is expected to have been locked
up in CO-ice and formed the main reservoir of carbon in the planet. Far outside the CO
snowline, the ice is *CO or 3C rich through carbon fractionation.

1.6.4 Other Proposed Tracers: S, N, Noble Gases

The measurements of [M/H], eccentricity, /o, and 2CO/13CO of exoplanets atmospheres
promise to unveil the formation history of these targets. However, this is a very young field,
and many other tracers can be found that may contain valuable information for studying the
formation and evolution history of these targets. For example, Marley et al. (2007) suggested
that young giant planets formed by CA in a protoplanetary disk should have a much lower
entropy content (S) at young ages than objects of the same mass and age formed by GI.
Another possible approach has been proposed by Oberg and Wordsworth (2019) where they
trace the nitrogen (N) abundance and use the Ny and N Hj snow lines together with noble
gases snow lines of Xe, Kr and Ar and the usual H,O, CO; and C'O snow lines to trace
back the location of formation of Jupiter. If we can observe the emission or absorption lines
of those molecules (not the noble gases) by direct imaging techniques, the measurement of
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those abundances will be excellent to trace back the location using other elements.

The mentioned ideas are just some examples of other proposed formation tracers that,
together with the ©/, ratio, could significantly improve the current constraints, mainly
regarding the formation location and mechanisms of giant exoplanets and BD. Potentially, we
could even differentiate between the populations of BDs and giant exoplanets that currently
share many observational characteristics that make them impossible to split. This topic has
driven this research; therefore, we are excited to see where these ideas are taking us with the
upcoming generation of telescopes and models.

1.7 The Contributions of This Work

The atmospheric characterization of young isolated objects at wide orbits with the scope of
understanding the formation and evolution history of the targets is a relatively new research
topic. Currently, planets are being discovered, models are being developed, and theories
are being adapted. This master project is located in this big evolving topic as previously
described but has a clear objective in mind.

Our purposes are to understand the potential differences between exoplanets and BD, mainly
regarding their formation process, for which we selected a sample of 24 targets observed with
SINFONTI at the K-band. This sample and the reduction process are described in Chapter
2. In that chapter we present the final extracted and corrected spectra for each one of
the targets, which are detailed individually in the Appendix A. These reduced spectra are
one of the contributions of this work, since they compose an important library for a wide
study of these type of objects. The complete exploration and publication of the atmospheric
properties of the SINFONTI library, described in Chapter 2, will start in the coming weeks.

Given the particular interest in the massive super-Jupiter AB Picb, we decided first to revisit
its atmospheric properties, nature, and origin. We present this part of the project in Chapter
3. The main results are a deep analysis of ABPicb’s physical and orbital properties and a
proposed formation history based on the outcomes. The crucial parameter we report, which
has not been measured before and we will publish soon, is the ¢/o ratio of 0.6 & 0.1. As
a spoiler, we proposed that AB Pic b was formed in the protoplanetary disk, more likely
through GI or CA/PA at large separation, beyond the CO snow line. However, given the
current knowledge of the system, other scenarios like GtF cannot be ruled out. A summary
and the conclusions are presented in Section 4.
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Chapter 2

The SINFONI Library

We started this project with the primary objective of understanding the connections between
atmospheres and formation theories, for which we selected a set of similar, in mass and
age, substellar companions and isolated objects. Twenty-four targets were chosen for which
archival SINFONI K band observations were available. The first step was to characterize
the targets, then to reduce their observations and extract a spectrum for each one. Finally,
we analyzed their characteristics by comparing them to evolutionary models predictions and
their architectures.

2.1 The Data

2.1.1 Observations

Our sample consists of 24 young (from 1 to 30 Myr) planetary-mass objects within 150 pc
from the solar system. They are members of the following associations: AB Doradus, § Pic,
Carina, Taurus, Tucana, and Upper Scorpius; and are found in different architectures: 13
are isolated objects 11 are companions orbiting a star at significant separation. The spectral
types of the sample are between M5 and L5, with T, from 1500 to 2500 K, and masses
ranging from 5 to 70 Mj,,. All this information is summarized in Tables 2.1 and 2.2.

As mentioned, the targets were observed with SINFONI at the VLT on different dates as part
of different programs (see Table 2.3). SINFONI was composed of a custom adaptive optics
module (MACAO) and an IFS (SPIFFI). SPIFFI cuts the field-of-view into 32 horizontal
slices (slitlets), which are re-aligned to form a pseudo-slit, and dispersed by a grating on a
Hawaii 2RG (2k x 2k) detector (Eisenhauer et al., 2003; Bonnet et al., 2004). The instrument
was operated with pre-optics and a grating sampling rectangular spaxels sizes listed on Table
2.3, from 1.928 - 2.471 pum, at a spectral resolution of Ry = 2 = 4490/5090/5950 for
Platescales of 0.25/0.1/0.025 arcseconds respectively, which are listed on Table 2.3. MACAO
was used during some of the observations with a natural guide star (NGS) reference for the
wave-front sensing. The number of exposures per sequence, integration times, and frames
(ndit) for each target and observation day is reported on Table 2.3. All observations were
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centered on the expected position of the planet.
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Figure 2.1: A schematic view of the reductions steps using AB Picb as example. The same
procedure was repeated for each of the targets. On panel i/, a view of the wavelength
shifts; on panel ii/ a preliminary view on the companion to identify possible contamination
sources; on panel iii/, the masked cube and the extracted sky emission lines; on panel
iv/, a test of different aperture radius where the companion spectrum is observable and
at short wavelengths we identify the earth’s atmospheric water bands; on panel v/, the STD
corrections and its preliminary spectrum from which we aim to extract the atmospheric
transmission spectrum; on panel vi/, one of the cubes final spectrum, before median combine
to extract the final result.

2.1.2 Reduction & Corrections

We initially reduced the data with the ESO SINFONI data handling pipeline! v3.0.0 through
the EsoReflex? environment. The pipeline use calibration frames to perform basic adjustments
to the raw science frames and correct them from distortion. The slitlets position on the
frames at each wavelength is identified before building a datacube for each exposure. Further
corrections on top of the ESO reduction steps were performed, based on the Toolkit for
Ezoplanet deTection and chaRacterization with IfS (hereafter TExTRIS) on its seventh beta
version (Petrus et al. 2021; Bonnefoy et al. in prep) and customized Python routines.

A schematic view of the steps can be found in Figure 2.1 using AB Picb as example and a
detailed explanation of these methods is given below:

"https://www.eso.org/sci/software/pipelines/sinfoni
2www.eso.org/sci/software/esoreflex
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As implemented by Petrus et al. (2021), the method identifies a constant wavelength
shift using the telluric absorption lines. We corrected both, the companions and
the telluric standard stars (STD), from spaxels-to-spaxels wavelength shifts. The
implemented method does not have the possibility of reporting uncertainties, but it
is currently being developed. By comparing the calibrations of the same source but
observed in two different nights, it has been observed a discrepancy in the wavelength
recalibration of ~ 15km/s; therefore, we expect the uncertainties to be around that
value. From pixel to pixel, the uncertainties are expected to be insignificant.

We checked that the light from the target was not contaminated by other emission
sources, as the host star, and evaluated the target’s position and the telluric standard
star (STD) in each respective cube. This process is done by an eye inspection and
one example cube can be observe in panel ii/ of Figure 2.1. For two of the targets,
GSC06214B and RXJ 1609 B, the light of the companion was contaminated by the
primary. In order to decontaminate the spectrum of the targets we tested a spectral
deconvolution routine, which is still being developed.

To further correct for sky emission lines we adjusted an order 0 or 1 polynomial to
masked image of the sky, as shown in top image of panel iii/ in Figure 2.1. Subtracting
the fitted polynomial from the masked image we computed the emission contributions
of the sky. An example of these contributions is observable on the bottom image of
panel iii/ of Figure 2.1, which we then subtracted to each original cube.

We measured the motion of a point source affected by atmospheric refraction and
reported the estimated source coordinates fitting a polynomial function in each cube
slice and played by adjusting the polynomial degree and the initial guess for the
expected position of the target. For the STD frames, we binned the cubes in wavelengths
to reduce computation time.

. Different extraction radius centered at the source position were evaluated to find the

optimal aperture to extract the spectrum of each cube (see Figure 2.1, panel 1v/ for an
example). We found that the spectral slope, in general, does not change for increasing
apertures, and the S/N seems higher for smaller apertures; thus, we set the aperture
radius to 5 pixels. The angular size of the SINFONI slices on the sky can be 0.25, 0.1, or
0.025 arc-seconds (platescale parameter on Table 2.3), leading to a field of view on the
sky of 8x8, 3x3, or 0.8x0.8 arc-seconds. Then, an aperture of radius 5 pixel corresponds
to 1.25, 0.5, or 0.125 arc-seconds, respectively. The FWHM of the targets emission, if
we consider that their flux distributes like a Gaussian on the FoV, is around 8.86 pixels
for PZ TEL B, which is a very faint target, and around 5.03 pixels for AB Picb which
is a bright target. The FWHM for the other targets lay between these values; thus, our
aperture radius is set to > 1 FWHM for the brightest targets and to ~ 2 FWHM for
the faintest ones.

The contamination by water bands of the earth atmosphere is recognizable in this
preliminary extracted spectrum in panel iv/ of Figure 2.1, which is why a STD was
observed for each target. To correct for the HoO bands, we needed to compute a
spectrum of the atmospheric transmission for each night. We corrected the STD and
target spectrum of each night from the dark spot effect of the detector known to affect
the K-band data by fitting a one-dimensional polynomial from 2.14 — 2.15um. Next,
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we corrected the NIR Hydrogen (H) lines from the STD spectrum by fitting a Voigt
profile. The function corrects for specific Paschen (Pag) and Brackett (Bryg, Bria,
Bria, Bryy, Bryg, and Br.,) series lines that may be observable on the NIR. We then
visually inspected these corrections, and using the spectral type of the STD star, we
estimated its expected T.;¢ and computed the corresponding theoretical black-body
(bb) spectra. We corrected each STD spectrum by dividing to it the computed bb. The
result of this process is the atmospheric transmission signatures for each night. Finally,
each spectrum of the targets were corrected by dividing the atmospheric transmission
spectrum to it. One of the spectrum, as example, can be observable in panel vi/ of
Figure 2.1.

vii. We selected all high-quality spectra by making a visual inspection and mean-combined
them, ending with a final spectrum for each target with the corresponding errors, that
were computed by mean-combining the errors of each spectrum and dividing it by the
root of the number of datacubes considered. Before merging, we applied a Doppler
shift and the Barycentric correction to each frame to correct for the earth’s motion.

We calibrated the extracted normalized spectra in flux units using the K-band magnitude
values reported in Table 2.1 and 2.2 from literature and online sources. The extracted spectra
for each target are observable in Figure 2.2 together with the errors in grey.

2.1.3 Final Extracted Spectra

In Figure 2.2 the final extracted K-band SINFONI spectrum for each of the targets of the
sample are observable. The quality of the observations depends on the platescale, AO mode
and the specific atmospheric conditions of the night. All this information can be found
in Table 2.3. A detailed explanation of each target spectrum is given in Appendix A. As
mentioned, the spectrum extracted for GSC 06214 B and RXJ 1609 B cannot be trusted since
their light is contaminated by the host star.

2.2 Evolutionary Models & Architectures

For now, we have not performed a detailed atmospheric model exploration for all the targets
of the sample, but we study the behavior of the sample in connection to the predictions
from evolutionary models. From this approach we have an approximate idea of the expected
outcomes of the models. For instance, we study two approaches for comparing our library to
evolutionary models. First, the relation between luminosity, age, and spectral type, which can
be observed in Figure 2.3 where the 24 selected targets are placed on their pre-main-sequence
evolutionary tracks based on the models from Baraffe et al. (2015).

In Figure 2.3 we see the luminosity, age and spectral type distribution of the sample placed
over curves with constant mass values. As labeled on the figure, the colors for the curve
represent the cut for object with masses under 130}, and above it, up to 73M},,. The limit
of 13M;,, is important, since under this value the deuterium cannot be burned-out. The
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Figure 2.2: Final spectrum extracted for each of the 24 targets. The size of the error
bars (gray) strongly depends on factors such as the plate-scale, integration time, and the
availability of the AO system. See Appendix A for a detail analysis on each extracted
spectrum.
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Figure 2.3: Pre-main-sequence evolutionary tracks. A relation between the luminosity, age,
mass, and architecture of the targets can be seen. Different symbols refer to the system
architecture; the ones marked with star symbols are isolated, while those marked with a
circle are companions. For all targets, the errors in luminosity and age are marked with gray
bars. The sample marked with an x symbol represents literature data from directly imaged
companions.

limit of 73Mj,, is interesting as well, since above this value, cores are hot enough to start
Hydrogen fusion. This is actually the lower mass limit for stars (Baraffe et al., 2015).

From Figure 2.3 it can be observed that there is no clear trend which separates the isolated
targets from the companions, which is expected given the arguments previously exposed.
BD and companions share many observables and from their luminosity and spectral type, in
connection to their age, we are not able to differentiate the two populations.

Following with the evolutionary models, we tested next the BEX Hottest cond03 evolutionary
models (Marleau et al., 2019). The relationship between radius, surface gravity, mass and
temperature can be observed in Figure 2.4. From the models we observe isotemperature
tracks as function of the surface gravity and the radius and the age of the system colored
above.

For calculating the positions on the diagram for each target we used the K band magnitudes
that we report on Table 2.2, which we converted to absolute magnitude using the previously
reported distances of the systems, observable on Table 2.1. With the absolute K band
magnitude we explored the tabulated BEX Hottest cond03 evolutionary models and extracted
the corresponding radius and surface gravity. The errors were propagated accordingly and
are reported with gray bars in the figure for each target. For comparison, we colored each
target by its spectral type as done in Figure 2.3.
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Figure 2.4: Pre-main-sequence evolutionary tracks from hottest BEX cond03 models. A
relation between the radius, surface gravity (log(g)), age, and T, ;. Different symbols refer
to the system architecture; the ones marked with star symbols are isolated, while those
marked with a circle are companions. For all targets, the errors in luminosity and age are
marked with gray bars.

2.3 Discussions & Perspectives

As future perspectives of this work, we are looking forward to publishing an updated library
of NIR spectra for young planetary-mass companions and isolated objects and their most
relevant physical and chemical properties. To distinguish between BD and massive planets,
we will analyze the parameter space looking for patterns describing likely and unlikely
scenarios given their characteristics, primarily we aim to study the ©/o ratio and how it
distributes concerning the architecture of the systems. Even though the sample is not
extensive enough to make statistical constraints, we expect to see a tendency favoring different
formation processes for the different architectures.

Due to the time extension of the Ms.C. program, the complete atmospheric characterization
of the sample was too ambitious. Therefore, we decided to do a careful and deep analysis on
one of the sources of the presented sample, which has a rich set of literature data available.
Therefore we stop this section at this point, with many future perspectives in mind, and
change in the next chapter to talk about AB Picb exclusively.
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Name RA Dec Dgun (pc)  Asociation Age (Myr)
2MO0103ABB 01 03 35.75 -55 15 55.5 4724+ 1 Tucana-Horologium 30£1
AB Pic b 06 19 12.91 -58 03 15.52 50.14 £ 0.04 Carina 13.3+1.1
CAHA TAU 1 04 36 09 24 08 22.3 140 + 15 Taurus 3+£2
CD-35 2722B 06 09 19.20 -35 49 31.06 21+1 AB Doradus 5+0.5
DH TAU B 04 29 42.0 26 32 58 134.85 £ 1.5 Taurus 3+2
FU TAU B 04 23 35.0 2503 03 131.2+ 2.5 Taurus 3+2
GSC06214B 16 21 54.4  -20 43 15.5 145+ 15 Upper Sco OB 7.54+1
HIP78530B 16 01 55.91 -21 58 52.9 137+ 1 Upper Sco 10+1
HR 7329 B 19 22 51.26 -54 25 30.7 4767+£1.6 S Pic 20+4
KPNO TAU 1 04 15 14.53 28 00 23.2 140+ 1 Taurus 5+4
KPNO TAU 4 04 27 27.74 26 12 05.8 140 + 1 Taurus 5+4
KPNO TAU 6 04 30 07.2 26 08 20.6 116 +£1 Taurus Auriga 5+4
PZ TEL B 18 53 05.87 -50 10 50.0 51.54+2.6 S Pic 23+3
RXS1609B 16 09 30.37 -21 04 574 139.144+1.3 Upper Sco 1143
USCO1606-2219 16 06 03.84 -22 19 34 145+ 15 Upper Sco 8+1
USCO1606-2230 16 06 48.32 -22 30 43.7 145+ 15  Upper Sco 1141
USCO1606-2335 16 06 06.46 -23 35 17.4 145+ 15  Upper Sco 1141
USCO1607-2239 16 07 27.56 -22 39 08 145+ 15  Upper Sco 1141
USCO1608-2232 16 08 18.59 -22 32 28.7 145+ 15  Upper Sco 11+1
USCO1608-2335 16 08 30.19 -23 35 14.8 145+ 15  Upper Sco 11+1
USCO01610-2239 16 10 46.88 -22 39 53.4 145+ 15  Upper Sco 11+1
USCO1612-2156 16 12 27.79 -21 56 44.6 145 + 15 Upper Sco 1141
USCO1613-2124 16 13 02.45 -21 24 32.9 145 + 15 Upper Sco 11+1
USCOCTIO108AB 16 05 53.87 -18 18 48 1454+ 15  Upper Sco 11+1

Table 2.1: In this table, the first part of the general information for the SINFONI Library,
regarding its positions on the sky and ages, is observable. The right ascension (RA) and
declination (Dec) are in ICRS J2000 format. The corresponding references are to be found

on the final column in Table 2.2.
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Name Sp.T. K mag Dpost (AU)  Host Sp.T. Ref.

2M0103ABB M51+06 9237+£0022  8d+1 M6 1,2,3.4
AB Pic b L05+05  14.090+0.08  273+1 K2 1,4,5,6ab,7,8,9,10
CAHA TAU 1 M6+5 15.110 = 0.09 - - 1,11,12
CD-35 27228 L4545 10.37 £ 0.16 67+ 1 M1 14,13
DH TAU B M9.25+0.25 14194002 3305 MO0.5 1,6b,8,14
FU TAU B L0.25+£0.25 13.320+£0.098 800 % 10 M7.25 1,11,14
GSC06214B LO£1 14.92+£0.03 320+ 10 K0 1,3,16,17,18
HIP78530B M74+1  13.491+£0.003 623+8 B9 1,17,19
HR 7329 B M7+1 11.6 136 + 10 A0 1,6b,20
KPNO TAU 1 M85+05 13.77240.035 - - 1,21
KPNO TAU 4 M95+05  13.28+£0.03 - - 1,6b,11,21
KPNO TAU 6 M85+0.5 13.680 & 0.037 - - 1,21,22
PZ TEL B M7+1 6.366 £ 0.024  25+4 G6.5 1,23,24
RXS1609B M9.540.5 16.170 330 + 10 MO 1,8,14,17,18,25
USCO1606-2219 L2+1 14.550 = 0.086 - - 1,26
USCO1606-2230 M8+05  13.806 + 0.042 - - 1,26
USCO1606-2335 M9+05  15.052+0.161 - - 1,19,26
USCO1607-2239 LO£05  15.436+0.019 - - 1,26
USCO1608-2232 M9+05  14.775+0.113 - - 1,19,26
USCO1608-2335 M85+0.5 13.814 +0.054 - - 1,26
USCO1610-2239 M854+0.5  14.025 £ 0.058 - - 1,19,26
USCO1612-2156 LO+1 15.395 = 0.166 - - 1,26
USCO1613-2124 LO£1 15.652 = 0.022 - - 1,26
USCOCTIO108AB ~ M9.5+05  15.067 +£0.012 667 & 10 M7 1,6b

Table 2.2: In this table, the second part of the general information for the SINFONI Library,
regarding its spectral type (Sp.T), K band magnitude, and host star properties (when they
are companions), can be observable. The corresponding references are found on the right
column and are detailed below.

References: (1) Wenger et al. 2000, (2) Liu et al. 2013, (3) Kraus et al. 2014, (4)
Stone et al. 2016, (5) Chauvin et al. 2005, (6 a,b) Bonnefoy et al. 2010, 2014, (7) Patience
et al. 2012, (8) Martinez and Kraus 2021, (9) Booth et al. 2021, (10) Gaia Collaboration
et al. 2021, (11) Quanz et al. 2010, (12) Luhman and Mamajek 2010, (13) Wahhaj et al.
2011, (14) Wu et al. 2020, (15) Cheetham et al. 2015, (16) Bowler et al. 2011, (17) Lachapelle
et al. 2015, (18) Ireland et al. 2011, (19) Petrus et al. 2019, (20) Lowrance et al. 2000, (21)
Briceno et al. 2002, (22) Akeson et al. 2019, (23) Maire et al. 2016, (24) Stolker et al. 2020,
(25) Lafreniere et al. 2008, (26) Lodieu et al. 2011.
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Pl & Name Date Mode  Platescale Exposure ndit nexp Airmass Seeing
Program (arcsec) (s) (FWHM)
Kopytova CD-35 2722B 26-11-2013 NGS 0.1 150 4 8 1.055 - 1.354 1.04 - 1.66
092.C-0803(A) 2M0103ABB 18-07-2014 NGS 0.1 70 8 9 1.159 - 1.183 -1-1.53
093.C-0829(A&B) 11-08-2014 NGS 0.1 70 16 9 1.126 - 1.186  -1-1.32
15-08-2014 NGS 0.1 70 8 9 1.145-1.202 1.02-1.74
HR 7329 B 05-06-2014 NGS 0.025 60 8 9 1.155-1.182 -1-1.19
25-04-2014 NGS 0.025 60 8 9 1.152 - 1.170 -1-2.14
11-07-2014 NGS 0.025 60 8 9 1.152 - 1.175 1.31-1.87
PZ TEL B 20-04-2014 NGS 0.025 60 8 9 1.125-1.161 0.7-0.85
04-05-2015 NGS 0.025 60 5 10 1.108 - 1.264 0.69 - 0.87
28-07-2015 NGS 0.025 10 9 10 1.115-1.151 -1-1.73
Radigan USCO1606-2219 18-05-2014 NOAO 0.25 300 4 4 1.016 - 1.030 0.81 - 1.08
093.C-0502(A) USCO1606-2230 02-06-2014 NOAO 0.25 150 4 4 1.261 - 1.299 0.82 - 0.90
USCO01606-2335 21-05-2014 NOAO 0.25 600 3 3 1.006 - 1.019 0.86 - 0.98
USCO1607-2239 21-05-2014 NOAO 0.25 600 6 2 1.005 - 1.108 0.74 - 0.99
28-05-2014 NOAO 0.25 600 2 2 1.005 - 1.01 0.74 - 0.99
USCO1608-2232 21-05-2014 NOAO 0.25 300 4 4 1.188 - 1.244 0.99 - 1.56
USCO1608-2335 19-05-2014 NOAO 0.25 150 4 4 1.057-1.071 1.21-1.38
USCO1610-2239 27-04-2014 NOAO 0.25 150 4 4 1.366 - 1.414 1.36 - 1.79
USCO1612-2156 18-05-2014 NOAO 0.25 600 4 4 1.059 - 1.117 0.74 - 1.91
18-05-2014 NOAO 0.25 600 3 3 1.219-1.299 1.31 - 1.37
USCO1613-2124 19-05-2014 NOAO 0.25 600 4 4 1.008 - 1.032 1.20 - 1.55
20-05-2014 NOAO 0.25 600 3 3 1.179 - 1.248 -1
USCOCTIO108AB 17-06-2014 NOAO 0.25 300 5 5 1.010 - 1.023 -1-1
HIP78530B 28-05-2014 NGS 0.25 600 4 4 1.049 - 1.102 -1-1.09
28-05-2014 NGS 0.25 600 4 4 1.112-1.194 1.03-1.22
GSC06214B 07-07-2014 NGS 0.25 600 4 4 1.303 - 1.469 0.65 - 1.04
RXS1609B 27-05-2014 NGS 0.25 600 7 4 1.017 - 1.176  -1-1.27
08-07-2014 NGS 0.25 600 3 3 1.002 - 1.008 0.88 - 0.95
092.C-0535(A) CAHA TAU 1 10-10-2013 NOAO 0.25 600 3 5 1.516 - 1.556 0.68 - 0.88
11-10-2013 NOAO 0.25 60. 4 5 1.581 - 1.677 0.61 - 0.75
DH TAU B 09-11-2013 NGS 0.025 900 2 3 1 1
09-11-2013 NGS 0.025 900 2 3 1 0-1
03-12-2013 NGS 0.025 900 2 3 1 1
FU TAU B 09-10-2013 NOAO 0.25 100 6 9 1.645-1.770 -1-2.24
KPNO TAU 1 07-10-2013 NOAO 0.25 300 6 9 1.646 - 1.663 0.94 - 1.24
KPNO TAU 4 08-10-2013 NOAO 0.25 150 6 9 1.590 - 1.623  -1-0.63
KPNO TAU 6 11-10-2013 NOAO 0.25 300 6 9 1.579 - 1.595 0.62 - 0.79
Patience AB Pic b 01-12-2014 NGS 0.1 300 5 6 1.198 - 1.205 0.67 - 1.08
092.C-0809(A) 15-12-2013 NGS 0.1 300 5 6 1.245 - 1.283 0.66 - 1.02
Table 2.3: Observation log of the dataset that compose our SINFONI Library. All the

information was taken from the headers of the datacubes.
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Chapter 3

AB Pic b, a companion on the
exoplanet/ brown dwarf boundary

AB Pic b is a companion that has been studied multiple times since its discovery by Chauvin
et al. (2005). The central part of this master project was focused on a detailed characterization
of the atmosphere of this companion. The scope was to unveil the formation and evolution
history of AB Pic b through the signatures and imprints on its spectrum and other properties
as the orbital constraints. All the work done for AB Picb can be found in the publication in
preparation which is attached on this chapter, in the following sections, with an adapted
format to fit the requirements of the present document. This research will, hopefully,
be published soon in Astronomy & Astrophysics. The publication is being written as a
contribution of many authors, listed on the next page and it is essential to mention that the
atmospheric modeling and general writing constitute the main results of this master thesis
project under direct supervision of G. Chauvin, M. Bonnefoy and P. Rojo, but co-authors,
specifically L. Rodet, G. Chauvin and M. Langlois performed the orbital models and the
writing of sections 3.2.1 and 3.3. The other authors of the publication contributed in the
computation of the different implemented models.
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Abstract

Aims. We aim to investigate the formation pathway of the companion to AB Pic, one of the
first companion ever imaged straggling the planet-brown-dwarf boundary.

Methods. We composed a spectrum merging an extensive observation set of: Archival medium-
resolution (R ~ 4000) SINFONI data in the K-band (1.96 - 2.45 um), which we reduced;
literature J, H, and Lp bands spectra; and photometry points on visible and infrared wavelengths.
We modeled the composed spectrum with ForMoSA, following a multi-modeling approach for
two atmospheric grids (Exo-REM and BT-Settl13). In parallel, we modeled its orbit using
literature NaCo photometric points from 2003 and 2004 and a new Sphere H band observation
from 2015 with the OFTI tool.

Results. The orbital solutions confirm that the exoplanet ABPicb is likely to be orbiting
at a semi-major axis of 190Jj§80 au on a highly-inclined orbit but with a poorly constrained
eccentricity. From the atmospheric modeling we derive a Tepy = 1700 £ 50 K, log(g) =
4.5+ 0.3 dex, [M/H] = 0.36 £ 0.2, /o = 0.58 £ 0.08, 1.770% R;,, and RV = 32.3 + 5km/s.
These parameters depend on the wavelength interval used as input and the model’s family and
were derived using the Exo-REM models.

Conclusions. AB Picb was most likely formed by Gravitational Instabilities or Gravoturbulent
Fragmentation at early stages in a massive protoplanetary disk given its ¢/o and current
location. However, other scenarios like Core Accretion cannot be ruled out with our current
system understanding. A measurement of the carbon isotopologues ratio, recently proposed as
complementary formation tracers, and a high-resolution spectrum to constraint the eccentricity
would be ideal to prove this story further.

3.1 Introduction

Transit, direct imaging, and cross-dispersed spectroscopy have successfully allowed us to
describe the atmospheres of exoplanets. Since the first characterization of HD 209458 b, a
hot Jupiter (Charbonneau, 2002), exoplanets revealed a broad diversity of physical processes
at play. Direct imaging studies have mainly focused on young, self-luminous giant gaseous
planets, not strongly irradiated and orbiting their host star at relatively large separations
(> 17), offering a very complementary view between transit and cross-dispersed studies of
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Hot Jupiters and the classical spectroscopic characterization of young isolated planemos (or
free-floating exoplanets) (Jameson et al., 2008; Allers and Liu, 2013). Emblematic systems
such as HR 8799 (Marois et al., 2010), 8 Pictoris (Lagrange et al., 2019), HD 95086 (Rameau
et al., 2013), HIP 65426 (Chauvin et al., 2017) or PDS 70 (Keppler et al., 2018) offer a
rich opportunity to investigate the architectures of young solar-system analogs, but also the
atmospheres of young super-Jupiters sometimes still accreting material (Haffert et al., 2019).

Today’s planet imagers, such as SPHERE at VLT (Beuzit et al., 2019), GPI at Gemini
(Macintosh et al., 2006) or SCExAO/CHARIS (Groff et al., 2015; Jovanovic et al., 2015), have
yielded low-resolution (R, = 30 —90) emission spectra and photometry of tens of exoplanets
exhibiting broad unresolved molecular bands (H.O, CH,, VO, FeH, CO) in the near-
infrared (NIR) (0.95—2.45 ym). They can be compared to predictions of atmospheric models
to infer first-order information on the physical properties, mainly effective temperature
(Tess), surface gravity (log(g)) and Luminosity (log(L/Ls)). However, they are lacking
crucial information at higher resolution (R, > 1000) to enable a detailed exploration of
fundamental parameters as metallicity ([M/H]), carbon to oxygen ratio (“/o) and the carbon
isotopologues ratios (2C'/13C). The present-day atmospheric composition might still be
imprinted by the formation pathway, which is a novel way to classify the objects; therefore,
the mentioned parameters are believed to be formation tracers (Nowak et al., 2020; Molliere
and Snellen, 2019).

With high resolution, an exploration of exoplanets’ rotational and radial velocities, connected
to their spin and three-dimensional orbital properties (Snellen et al., 2014), becomes feasible.
Currently, a minimal number of exoplanets have been characterized at high spectral resolution
(R, > 10000), among them, /3 Pictorisb (Snellen et al., 2014), GQ Lupib (Schwarz et al.,
2016b), HR 8799 planets (Wang et al., 2021), and HD 106906 b (Bryan et al., 2021). The
handful of young giant exoplanets at wide orbits offers unique benchmark laboratories to
explore the spectral diversity together with formation and evolutionary scenarios by under-
standing their atmospheres, physical properties, and the system dynamics and stability in
connection with the stellar host properties. Therefore, they are and will be prime targets
for upcoming telescopes, such as the James Webb Space Telescope (JWST!, first light 2021,
GTO target), and the Extremely Large Telescope (ELT?, first light 2027).

High and low-resolution observations offer very complementary constraints. In this line,
medium resolution observations can partly isolate a rich set of molecular absorptions contained
in a spectrum over usually a wide wavelength range allowing reasonable estimations for log(g),
[M/H], €/, and clouds. For example, adaptive-optics-fed integral-field spectrographs (IFS)
operating at a spectral resolving power of Ry = 2000 — 5000 in the NIR, such as SINFONI at
VLT, NIFS at Gemini- North or OSIRIS at Keck, allowing to deepening the understanding
of atmospheres. These observations are essential to prepare the models and theories for the
upcoming generation of telescopes.

Regarding the prime targets, differentiating substellar objects known as brown dwarfs (BD)
from massive Jupiter-like exoplanets is tricky since these populations overlap in observable
properties. i/ If a substellar object (< 30Mj,,) is found isolated in space, it is identified
as a BD (Nayakshin, 2017), and its chemical composition is not expected to differ from the

https://jwst-docs.stsci.edu
’https://elt2020.web.ox.ac.uk
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interstellar medium (ISM) (Chabrier et al., 2014). ii/ If the object is orbiting another star,
we call it a companion, and it can either be an exoplanet or a BD binary. Currently, the
most accepted formation theories for them are Gravoturbulent Fragmentation of molecular
clouds (GtF) (Padoan and Nordlund, 2004), Core Accretion (CA) (Pollack et al., 1996),
and Gravitational Instabilities (GI) (Boss, 1997). When these objects are young, their
properties still relate to their formation environments, mainly to its location of formation

and composition of the accreted material that leaves an imprint on the upper atmospheric
layers (Madhusudhan, 2019).

Studying the atmospheres of young exoplanets and substellar companions is essential for
unveiling their history, which is done by modeling their spectra. Atmospheric modeling can
be approached from two techniques: Retrieval Methods (Lavie et al., 2017) and Forward
Modelling (Petrus et al., 2019, 2021). For this project, we used Forward Modelling, an auto-
consistent approach where pre-computed radiative transfer-based atmospheric models are
compared to observations following stochastic methods. The models are parameterized by the
key parameters that describe an atmosphere and are received as a grid. The main advantage
of this approach is the significantly lower computational time. Different atmospheric grids are
currently available, such as BT-SETTL13 (Allard et al., 2013) and Exo-REM (Charnay et al.,
2021). The models’ description is based on the opacity sources of the available molecules and
their abundances. Apart, attempts to include clouds, hazes, winds, disequilibrium chemistry,
and thermal inversions, among others, have been carried out to reproduce the rich set of
emission and absorption lines observables. Today those models are succeeding in reproducing
the atmospheric spectral features, but given the complexity of these systems, attempts to
develop 3D models are being carried out nowadays, assuring to revolutionize the topic in the
following years (Fortney et al., 2021).

In forward modeling, the models derive the fit from the fundamental atmospheric parameters,
which currently are less than 5, being the classical ones the T,;y, log(g), [M/H] and ¢ /5. The
¢ /o ratio is constant on the ISM, varying mainly due to the age of the universe (Chiappini
et al., 2003) but it vary radially for gas and dust in protoplanetary disks triggered by the snow-
lines (H20, CO5 and CO) (Oberg et al., 2011). Massive planets formed by CA accrete their
gaseous envelopes at the final formation stages, impacting the carbon and oxygen abundances
(Madhusudhan, 2019), but a companion formed by GI or GtF is expected to have an ISM
¢ /o ratio. Therefore the ¢/ ratio is proposed as a formation tracer. However, the formation
analysis must consider migration mechanisms and accretion of solid at final formation stages,
among others, to understand the evolution and dynamics of the systems.

Other complementary tracers have been proposed in the past years, for example, the ratio
between the carbon monoxide isotopologues (Molliere and Snellen, 2019). In this line, on
Zhang and Snellen (2021) they measured that a young isolated BD has a roughly ISM
200/BC0O = 971% while on Zhang et al. (2021) they studied TYC8998, a wide orbit
(150au) companion and report a '2CO/*¥CO = 31*}] probably due to a significant accretion
of 13C enriched ice at its final formation stage. Together with the previous ideas, exoplanets
usually have surface gravity values 100 to 1000 times smaller than BD, which affects the
vertical mixing and gravitational settling of condensates in their atmospheres, probably
leading to thicker cloud layers, upper atmosphere sub-micron hazes, and cloud opacities
remaining down to 7. of 600 K at early ages (Apai et al., 2013; Bonnefoy et al., 2014)
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To land the presented ideas, we aim to investigate AB Picb, a substellar companion to AB
Pic, a young, ~solar-type (K1V) star located at 50.14 4 0.04 pc from the Sun, based on Gaia
eDR3 (Gaia Collaboration et al., 2021). The star was recently re-classified as a part of the
younger Carina association based on Gaia DR2 data by Booth et al. (2021) where an age
of 13.3%45 Myr was estimated. The 10 & 1 Mj,, wide-orbit exoplanet located at 273 £ 2 au
in projected separation was revealed by high-contrast coronographic images obtained with
NaCo at VLT by Chauvin et al. (2005). Years ago, Bonnefoy et al. (2010, 2014) characterized
the complete 1.1 — 2.5 um spectrum with medium spectral resolution SINFONI data at VLT.
The presence of various atomic and molecular lines was identified, consistent with an L1+£1
spectral type, log(L/Le) = —3.7 £ 0.1dex, Tess = 1700 £ 100K, and log(g) = 4.0 £ 0.5 dex
from atmospheric and evolutionary models.

This project’s scope is to unveil the origins of ABPicb to understand its BD/ exoplanet
nature. The observations are described in Section 3.2 together with the data processing for
the SPHERE 2015 photometric point and the reduction methods for the K-band spectrum.
In Section 3.3 we present the orbital modeling performance, then in Section 3.4, the spectral
analysis strategy and derive the best suited physical properties compared to evolutionary
models. In Section 3.5 we analyze the performances and test formation scenarios, and the
main conclusions are presented in Section 3.6.

3.2 Observations & Data Reduction

ABPicb is a companion studied multiple times since its discovery by Chauvin et al. (2005).
A rich set of literature observations are available on multiple wavelengths, among them: i/
photometry points on the visible (0.53 — 0.92 um) taken by the Hubble Space Telescope
HST/WFC3 (Bonnefoy et al., 2014), ii/ medium resolution SINFONI spectra (R, = 1500 —
2000) on the J and H bands (Bonnefoy et al., 2014), iii/ Lp band spectrum (R) ~ 300) from
the Magellan-AO/CLIO2 telescope (Stone et al., 2016), and iv/ Spitzer IRAC photometry
points at 3.6, 4.5, 5.8 and 8 pum published by Martinez and Kraus (2021). Mining into
unpublished archived datasets, we found that medium resolution spectroscopic observations
at K-band were obtained with SINFONI at VLT in December 2013 (program: 092.C-0809(A))
to complement the spectral information at J and H-bands described before. The system was
also observed in 2015 with SPHERE at the VLT in the course of the SPHERE Guaranteed
Time Observations (GTO program: 095.C-0298(H)) to explore the orbital properties of
ABPicb in combination with previous NaCo observations from 2003 and 2004 (Chauvin
et al., 2005). Both new SINFONI and SPHERE observations are described below and drive
this study.

3.2.1 SPHERE Observations & Data Processing

The AB Pic system was observed during the SpHere INfrared survey for Exoplanets (SHINE,
Guaranteed Time Observations) on February 6th, 2015, using the VLT/SPHERE high-
contrast instrument (Beuzit et al., 2019). The observations were obtained with the IRDIFS
mode that combines the IRDIS (Dohlen et al., 2008) and IFS instruments (Claudi et al.,
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2008) simultaneously. The IRDIFS-EXT model combines IRDIS in dual-band imaging (DBI
Vigan et al., 2010) mode with the K1K2 filter doublet Ag; = 2.103 4+ 0.102 um, Ags =
2.255 £0.109 pm, and IFS in the YJH (0.97-1.66 um) setting. The IRDIFS mode combines
IRDIS in DBI with H2H3 filters (Ag2 = 1.593 + 0.055 pum, Ayz = 1.667 &+ 0.056 pm), and
IFS in the YJ (0.95-1.35 um) setting.

All IRDIS and IFS datasets were reduced

using the SPHERE Data Reduction and IRDIS image (TLOCI, H2-band)
Handling (DRH) automated pipeline (Pavlov 8
et al., 2008) at the SPHERE Data Center
(SPHERE-DC) to correct each datacube
for bad pixels, dark current, flat field,
and sky background. After combining all
datacubes with an adequate calculation of
the parallactic angle for each frame of the
deep coronagraphic sequence, all frames
are shifted at the position of the stellar
centroid calculated from the initial star
center position. To calibrate the IRDIS
and IFS datasets for the sky emission, the 75 50 25 00 -25 -50 -75
astrometric field 47 Tuc was observed. The DRA [as]

platescale and true north solution at each Figure 3.1: SPHERE-IRDIS Coronagraphic
epoch is based on the long-term analysis of image at H-band of ABPich relative to A

the GTO astrometric calibration described |oqyced using SpeCal (Galicher et al., 2018).
by (Maire et al., 2018). The rotation

correction considered to align images to the

detector vertical in pupil-tracking observations is —135.99 4+ 0.11deg. = Anamorphism
correction is obtained by stretching the image Y-direction with a factor of 1.0060 4 0.0002.
ABPich is only seen within the IRDIS field of view being located at more than 5.3 as (see
Figure 3.1). Its relative position has been derived using the SpeCal pipeline (Galicher et al.,
2018). The result is reported in Figure 3.3 together with the NaCo data points from (Chauvin
et al., 2005). The astrometric measurements of AB Picb used for the orbital fitting, relative
to AB Pic A are reported on Table 3.1.
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Table 3.1: Astrometric measurements of AB Pic b relative to AB Pic A

Telescope/Instrument ~ Epoch  Separation P.A.
(mas) (deg)
VLT /NaCo 2003.213  5460+14  175.334+0.18
VLT /NaCo 2004.180  5450+16  175.134+0.21
VLT /NaCo 2004.735  5450+£14  175.3040.20

VLT/SPHERE-IRDIS 2015.097 5398.7+4.5 175.26+0.13
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Figure 3.2: In this figure, the complete available literature spectrum of AB Picb is observable
together with the reduced K-band spectrum from this work and the errors in grey. Distinctive
atomic and molecular absorption lines are observable and we labeled the most relevant ones
for this work.

3.2.2 SINFONI K-band Observations

ABPich was observed with SINFONI at the VLT on the 13 of December 2013 and the 1
of December 2014 (program 092.C' — 0809 (A); PI J. Patience). SINFONI was composed of
a custom adaptive optics module (MACAQ) and an IFS (SPIFFI). SPIFFI cuts the field-
of-view into 32 horizontal slices (slitlets), which are re-aligned to form a pseudo-slit, and
dispersed by a grating on a Hawaii 2RG (2k x 2k) detector (Eisenhauer et al., 2003; Bonnet
et al., 2004). The instrument was operated with pre-optics and a grating sampling of a 3”7 x 3”
field of view with rectangular spaxels of 50 x 100 mas size, from 1.928 - 2.471 um, at a spectral
resolution Ry = A%\ = 5090 for this program. MACAO was used during the observations with
a natural guide star (NGS) reference for the wave-front sensing. A sequence of 6 exposures
of 300 s integration with five frames (ndit) each day, centered on the expected position of
the planet, were performed.

3.2.3 SINFONI Cube Building & Spectral Extraction

We initially reduced the data with the ESO SINFONI data handling pipeline® v3.0.0 through
the EsoReflex* environment. The pipeline use calibration frames to perform basic adjustments
to the raw science frames and correct them from distortion. The slitlets position on the
frames at each wavelength is identified before building a datacube for each exposure. Further
corrections on top of the ESO reduction steps were performed, based on the Toolkit for
Ezoplanet deTection and chaRacterization with IfS (TEXTRIS) (Petrus et al. 2021; Bonnefoy
et al. in prep). A detailed explanation of these methods is given below.

i. As implemented by Petrus et al. (2021), the method identifies a constant wavelength
shift using the telluric absorption lines. We corrected both, the companion and the
telluric standard star (STD), from spaxels-to-spaxels wavelength shifts. The method
does not include an uncertainty measurement on its current version, but our research

3https://www.eso.org/sci/software/pipelines/sinfoni
4www.eso.org/sci/software/esoreflex
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group has observed discrepancies of ~ 15km/s in the recalibration in wavelength for
another target. From pixel to pixel, the uncertainties are expected to be insignificant.

We checked that the light from ABPicb was not contaminated by other emission
sources, as the host star, and evaluated the position of ABPicb and the STD in each
respective cube. We measured the motion of a point source affected by atmospheric
refraction and recovered the estimated source coordinates in each cube slice. We
played by adjusting the polynomial fit degree and the initial guess for the expected
position of the target. For the STD frames, we binned the cubes in wavelengths to
reduce computation time. Different extraction radii centered at the source position
were evaluated to find the optimal aperture. We found that the spectral slope, in
general, does not change for increasing apertures, and the S/N seems higher for smaller
apertures; thus, we set the aperture radius to 5 pixels. The error bars for each extracted
spectrum are computed from the estimated one standard deviation level of the residuals
around the circular aperture.

The contamination by water bands of the earth atmosphere is recognizable in this
preliminary spectrum, which is why a STD of spectral type B8V was observed together
with ABPicb. We got a spectrum of the atmospheric transmission for each night to
correct this effect. We corrected the STD and target spectrum of each night from
the dark spot effect of the detector known to affect the K-band data by fitting a one-
dimensional polynomial from 2.14 —2.15um. Next, we corrected the NIR Hydrogen (H)
lines from the STD spectrum by fitting a Voigt profile. The function corrects for specific
Paschen (Pag) and Brackett (Bryg, Bris, Briz, Brii, Brig, and Br,) series lines that
may be observable on the NIR. We then visually inspected these corrections, and using
the spectral type of the STD star, we computed its corresponding theoretical black-body
spectrum. Each STD spectrum was corrected by dividing the computed black-body and
recovering the atmospheric transmission spectrum of each night. Finally, each spectrum
of ABPicb was corrected by dividing the atmospheric transmission spectrum.

We selected all high-quality spectra by making a visual inspection and mean-combined
them, recovering a final spectrum for AB Picb with the corresponding errors, that were
computed by mean-combining the errors of each spectrum and dividing it by the root
of the number of datacubes considered. Before merging, we applied a Doppler shift and
Barycentric correction to account for the earth’s motion.

We calibrated the extracted normalized spectrum in flux units for all bands individually,
using the J, H, K, and Lp-band magnitude values reported in Table C.1. of Bonnefoy et al.
(2014). The full spectral energy distribution (SED) for AB Picb is observable in Figure 3.2
together with the errors in grey and the names of relevant absorption lines.

3.3 Orbital Properties

The combination of NaCo observations from March 2003, March 2004, September 2004 with
SPHERE observations from February 2015 offers the time span to resolve the orbital motion
of ABPicbh. The motion is mainly resolved in separation (nothing significant is observed in
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Figure 3.3: Orbital monitoring of AB Picb combining NaCo and SPHERE observations. On
the left panel, we observe that highly-inclined and moderate to highly-eccentric solutions
are favored, and on the right panel, the main orbital variation is seen in separation for the
relative positions between AB Picb and the primary. The black represents the best orbital
solution (lower x?).

position angle), which indicates a highly-inclined orbit for the planet. We used the Orbits
for the Impatient (OFTI) tool, a Bayesian rejection sampling method for quickly fitting
the orbits of long-period exoplanets (Blunt et al., 2017), to explore the orbital solutions of
ABPicb. We adopted the default priors detailed in the orbitize! python package (Blunt
et al., 2020), with an upper bound of 1000 au for the semi-major axis. The orbital fitting
results are directly compared to the observations in Figure 3.3 and detailed in Table 3.2. The
corner plot of the orbital parameters is shown in Figure 3.4. The solutions confirm that the
exoplanet ABPicb is likely to be orbiting at a semi-major axis of 190720” au on a highly-
inclined orbit (i = 90 + 12deg), with a potentially moderate to high-eccentricity, although
poorly constrained. As expected by the North-South orientation of the orbit, the longitude
of ascending node (€2) is close to 0+ 180 deg.

Table 3.2: Orbital solutions of ABPich from OFTI and the NaCo and SPHERE relative
astrometry.

Orbital parameter MCMC solutions

a (au) 190f§80

inc. (°) 90 + 12

Q(°) —5 =+ 13 (£ 180)
tp (yr AD) 26003700

The system configuration makes it very interesting for future high-precision radial velocity
measurements as previously done with CRIRES for § Picb, GQ Lupib, and more recently
with KPIC for HR 8799 bede (Snellen et al., 2014; Schwarz et al., 2016a; Wang et al., 2021).
In conjunction with NaCo and SPHERE relative astrometry, this would help to obtain the
three-dimensional position and velocity of AB Picb relative to A. Note that ABPic A has a
precise derived radial velocity (RV) of 22.65 + 0.04 km/s (Soubiran et al., 2018).
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Figure 3.4: Corner plot representing the solutions of the orbital fit of ABPicb combining
NaCo and SPHERE observations. The blue vertical lines in the diagonal plots indicate the
peak value, and the blue shaded areas indicate the shortest 68% confidence intervals.

3.4 Physical Properties

We followed two approaches to derive the atmospheric and related physical properties of
ABPich. We first used ForMoSA, short for Forward Modeling tool for Spectral Analysis,
presented and detailed in Petrus et al. (2019, 2021), for modeling the spectrum. For ForMoSA
we implemented two different atmospheric models, the 2013 version of the BT-SETTL model
grids exploring different ¢/, ratio (Allard et al., 2013) and Exo-REM Charnay et al. (2021),
to analyze their performance and limitations at deriving robust physical properties. Then we
compared the derived physical properties with evolutionary models’ predictions from BEX-
Hottest-cond03 (Marleau et al., 2019) to check consistency for the derived parameters.
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Figure 3.5: Top panel: The full SED fitting for both families of atmospheric models, with
an offset applied to the BT-SETTL13 model and the residuals, computed as data - model.
Middle panel: Same as the top panel but for the K band. Lower panel: Same as the top
panel, but for the J band, the gray area starting at 1.3 pm stands for the spectral region
excluded from the fit due to the H>O noisy behavior. Each model is identified on the label
with the numeration on Tables 3.4 and 3.5. The posteriors values for the reported models
are observables on the corner-plots on Figures 3.6 and 3.7. The colors have consistency for
each model shown in the spectrum figures, the corner plots, and the tables.

3.4.1 Atmospheric Models

ForMoSA is a tool based on a forward-modeling approach that compares observations with
grids of pre-computed synthetic atmospheric models using Bayesian inference methods. It
relies on a Nested Sampling algorithm (Skilling, 2006) to determine the posterior distribution
function (PDF) of a set of free parameters. This method performs a global exploration to
look for local maxima of likelihoods following an iterative method that isolates a progressively
restrained area of the same likelihood while converging toward the maximum values. It
avoids missing local maxima of likelihood since it evaluates the Bayesian evidence used for
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performing model selection (Trotta, 2008). ForMoSA generates synthetic spectra at each step
of the Nested Sampling using linear interpolation of the spectra from the original model grid.
The errors given by ForMoSA are statistical and have been determined for each parameter
as the range which encompasses one sigma assuming Gaussian distributions, and they do not
include possible systematic errors in the models (Petrus et al., 2021).

ForMoSA allows the user to fit the atmospheric grid for, in general, T.;; and log(g), and
depending on the model [M/H] and ©/o ratio may be included, among others. Spectra
can be affected by other physical processes like the Doppler shift due to the orbital rotation
and the broadening of the lines due to the planet’s spin. Therefore, ForMoSA allows fitting
the radius of the planet (R), the extinction coefficient (A,), the radial velocity (RV), the
rotational velocity (vsin(i)), and the limb-darkening (¢). By including these five parameters,
the models are modified before being compared to the observations. The allowed ranges to
explore solutions that we considered are listed in the first row of Table 3.4 for BT-SETTL13
and Table 3.5 for Exo-REM. We allow a limb-darkening parameter exploration in ForMoSA
from 0.01 to 0.99 every time we included the wsin(i) on the models but we exclude its
posteriors from the Tables 3.4 and 3.5 due to its flat distributions, observables in the corner
plots of Figures 3.6 and 3.7 labeled as €.

BT-SETTL 2013

Since the BT-SETTL13 models were already described in the introduction of this document,
here we will give only extra details. The grid we used provides spectra from 0.3 to 15 um
and considers T,;; from 1400 to 2200 K, log(g) from 3.5 to 5.0 dex, /o ratio from 0.2754
to 1.096, and a constant solar metallicity ([M/H] = 0.0). The posteriors, obtained by using
500 living points, can be found in Table 3.4. We tested different setups, as described below:

i. Whole SED (J, H, K, and L bands with and without photometry points). This fit
provides a reliable T¢; estimation since a broader spectrum range is fitted, making
visible the bb behavior of the object.

ii. K band. A good fit of the CO bandheads observables in this band is expected to derive
a good estimated value for the ¢/ ratio. We tried fitting different extra parameters
and subtracting the continuum by computing a low-resolution spectrum (R~ 100) and
subtracting it from the observations and models.

iii. J band. This band has the KT lines that have great potential to derive a reliable log(g)
estimation as studied by Simon Petrus in his PhD project. Due to the H;O bands
from 1.3 to 1.55 um, we restricted the wavelength range for the Nested Sampling up to
1.3 um. As for the K band, we tried different fittings and subtracting the continuum.

iv. H and Lp bands. We modeled the spectrum with the continuum for these bands, but
it was mainly an exploratory exercise, given the Lp band low resolution and the poor
H band fitting from the full SED.

Three examples out of the multiple models we tested are observables on Figure 3.5 under
the labels A0, A8, and A20, for the full SED, K band with continuum, and J band without
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Figure 3.6: Corner plot comparing the models presented on Figure 3.5 for BT-SETTL13 with
consistent colors. The black dashed lines show the adopted values from this work listed in
the last row of Table 3.4.

continuum, respectively. The posteriors distributions of the selected models are observables
on Figure 3.6 together with the adopted values as dashed black lines that were selected
following the arguments described in the setup and are listed in the last row of Table 3.4.

Exo-REM 2021

Since the Exo-REM models were already described in the introduction of this document,
here we will give only extra details. This grid provides spectra from 0.6667 to 251.6 um
and includes four free parameters: T,;; from 400 to 2000 K, log(g) from 3.0 to 5.0 dex, “/o
ratio from 0.1 to 0.8, and [M/H]| from —0.5 to 1.0. For deriving the physical properties,
we followed the same approach as for BT-SETTL13, and the posteriors and adopted values
are reported in Table 3.5. Three examples from this atmospheric models are observables
on Figure 3.5 under the labels B0, B7, and B19, for the full SED, K band with continuum,
and J band without continuum, respectively. The posteriors distributions of the same three
selected models are observables on Figure 3.7 together with the adopted values as dashed

47



Full SED (BO)
K band (B7)
J band (B19)
-- Exo-REM Adopted Values

log(g)
7

[M/H]

2 o i
o K 4 _— ___‘_
< 1 .
» 1 1 N
Q?) | 1 | | | | Nl L L L L L
L L L ] 1 T 1 1
- 1 -4 1 4+ 1 —+ 1 —
oy ! L
Vv I 1 T T 1 T N
'\/é) | 1 1 [ 1 A1 1 _
1 1 1 1
D o o e e e e e e e
- . 1 1 - 1 . 1 —
& 1 1 1 1
s F 1 + 4 1 B
N W 1 1
N 1 B B B
ol B [ ]
,\,0 : L1l
sPie T T
< | 1 | -
£ Q i i
1) QI [~ [~
N 1 1
> s 1 | L
1 1
v | L | |
1 T T
| 1 .
N [ i
I 1
w o 1 1
I 1 T 1
Q: | 1 1
1 1
o [ 1 11l
RN © O X 20D 00 HOOO 0719 % O 000D OO A N>O6D
ORLF 7T 9707070707 (@GN 9T TATAT ST R OT AT B 0797 070" 0%
Tef log(g) [M/H] %o R RV v sin(i) €

Figure 3.7: Same as Figure 3.6 but for Exo-REM with the models reported on Table 3.5.

black lines, selected in the same way as for BT-SETTL13 and listed in the last row of Table
3.5.

3.4.2 Evolutionary Models

As a first estimation of the physical properties of ABPicbh, we decided to compare it to
evolutionary models of substellar objects. We show in Figure 3.8 the evolutionary tracks
of the BEX-Hottest-cond03 models (Marleau et al., 2019). From the age of 13.373¢ Myr
provided by Booth et al. (2021) and the NaCo J, H and K magnitudes we estimated the
predicted surface gravity and radius of ABPicb and reported the values in Table 3.3.
The derived values are consistent with the previously reported properties from Bonnefoy
et al. (2014). An inconvenience of deriving physical attributes from evolutionary models
is that these objects are known to be in-homogeneous in observable properties and, for
example, clouds can impact the luminosity and, therefore, other estimated parameters.
The evolutionary tracks as a function of R, log(g), age, and T.ss together with the NaCo
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prediction points and the ForMoSA adopted values from this work for each atmospheric grid
are graphically observable in Figure 3.8. Special environment conditions can directly impact
an object’s observable features; therefore, to derive robust properties, atmospheric modeling
is a reliable approach to follow. Therefore, we report on the evolutionary models Figure 3.8
the ForMoSA adopted values for the physical properties of AB Picb from both families.

Table 3.3: AB Picb predictions from BEX-Hottest-cond03 models for the calibrated absolute
magnitudes on the J, H and K bands.

Band Magnitude R (Rjup)  log(g) (dex) Tepp (K)

J 12.27£0.36 1.57+0.07 4.14£0.04 1914475
H 11.38 £0.18 1.51+£0.03 4.18£0.02 1833 %45
K 10.59 £0.07 1.50£0.02 4.19£0.01 1820=£21
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Figure 3.8: In this Figure, the radius vs. gravity as a function of age and effective temperature
from the BEX cond03 Hottest evolutionary models is presented. The color scale traces the
ages on a logarithmic scale, and the iso-temperature curves are labeled. The estimated
position in the diagram for AB Picb is observed for i/ evolutionary models prediction using
the absolute magnitudes from NaCo in the J, H, and K band reported by Chauvin et al.

(2005) (blue colors) and ii/ The ForMoSA predictions from the adopted values of this work
for both families of models.
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3.4.3 Final Atmospheric Properties

Regarding the derivation of the reported physical and chemical properties of ABPicb, in
general, both atmospheric grids performed well, but a careful look into each parameter is
essential given the multi-modeling approach we followed. For the T.s¢, the full SED models
are expected to derive the most consistent values. In this line, from BT-SETTL13 we adopted
aTerp = 1800+20 K while from Exo-REM a 7.5y = 1700£50 K. Those T¢ ;s where selected
from the full SED models A0 and BO. BT-SETTL13 prediction is closer to the evolutionary
models, but both values are consistent with the reported T¢;; by Bonnefoy et al. (2014).

When we zoom-in into the CO bandheads region in the K band (see Figure 3.9), we observe
that the model B7, with a ¢/ = 0.58 4 0.08, matches the data exquisitely while a model
where a higher ¢/, ratio was derived is over-fitting the CO lines. When we applied the
nested sampling over the grid intrinsic parameters only (7., log(g), ¢/o, and [M/H]), the
derived ¢/, ratio is higher than when we include the R, RV, vsin(i) and limb darkening (see
Table 3.5), expected since we allowed corrections due to Doppler shift and rotational line
broadening. In general, the spectrum from the models with a stellar ¢/, ratio are in better
agreement with the data, but the Exo-REM K band model derives a more precise prediction
of the continuum shape (see model B7 on the middle panel in Figure 3.5 compared to model
A8). Thus, we report a ¢/ ratio of 0.58 4= 0.08.

le—15

—— C/O = 0.58 (B7)
.~ C/O =0.84 (B3)

229 230 231 232 233 234 235 236 237
Wavelength (um)

Figure 3.9: Comparison of the C'O bandheads models performance by Exo-REM for two
different set of free parameters, labeled accordingly to Table 3.5 and their ¢/ ratio value.

As mentioned, it has been proven that the KT lines in the J band are good tracers of the
log(g). However, we observe that both models presented difficulties in performing a good
fit of the J band continuum, probably due to H>O in the atmosphere. For BT-SETTL13,
the models in the J band without the continuum derive log(g) = 4.6704, which is slightly
higher than the evolutionary models’ predictions and the reported value from Bonnefoy et al.
(2014). However, the K band models derive a lower value of 3.570%. Concerning the J band
and specifically the KT lines, this overestimated log(g) is a global problem encountered by
Petrus et al. (in prep). A possible explanation is that the BT-SETTL13 model incorrectly
reproduces the profile of the K[ lines. The Exo-REM models exhibit the same continuum
J band issues. However, since this family of models allows for a [M/H]| exploration, the
posteriors are slightly harder to interpret. Actually, from the J band without continuum
we derive [M/H] ~ —0.36 for high log(g) ~ 4.5 dex. These outcomes appear to be highly
doubtful physically. When analyzing these parameters on the K band models we observe an
anti-correlation between log(g) and [M/H]| with possible solutions being [M/H] ~ 0.36 and
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log(g) ~ 4.0 dex or [M/H]| ~ 0.8 and log(g) ~ 3.3 dex. By comparing with the evolutionary
models, we observe that the most consistent results are the ones with lower [M/H] and
higher log(g) therefore our adopted values are, for BT-SETTL13 log(g) = 4.670% dex, and
for Exo-REM [M/H] = 0.36 £0.2 and log(g) = 4.5+ 0.3 dex. The [M/H] is not a parameter
we can rely on because it is probably biased by the other parameters, for example, the overall
shape and flux calibration of the SED.

For both atmospheric grids, the K band with continuum derived the most confident radius
posterior, being 1.8 & 0.2 for BT-SETTL13 and 1.770% for Exo-REM. We rely on the
estimation of this setup since here, the modeled spectrum better fits all the spectral features,
as observable in Figure 3.5. This value is slightly higher than the reported by Bonnefoy et al.
(2014) of 1.4 £ 0.3 Rjy,p, and the evolutionary models’ predictions but within the error bars.
The reason behind our bigger radius could be a degeneracy with another parameter, like the
Tess, or an incorrect prediction of the emergent flux by the models.

For the RV, we report a value of 32.9 + 10 with BT-SETTL13 and of 32.3 £ 5 with Exo-
REM, obtained by averaging the K band without continuum posteriors and considering
the confidence intervals. This value is derived from the K band models since this band
was re-calibrated in wavelength, necessary for a reliable outcome, and the others have
a lower spectral resolution. Uncertainties up to 15km/s are expected, coming from the
recalibration in wavelength. With high-resolution data, we could constrain the RV precisely,
allowing us to confirm that AB Picb is physically bound to AB Pic A. The vsin(i) and limb
darkening parameters have erratic behavior, and we do not report any values since the other
parameters’ uncertainties probably bias them. Finally, for the A,, we see very different
behaviors, but it was reported to be relatively low (A, ~ 0.2) by Bonnefoy et al. (2014). This
parameter is expected to redshift the observations due to interstellar dust. However, given
the systematics on narrow wavelength windows, it is expected to be physically consistent
for a broad wavelength range exploration, and since ABPicb is close to the solar system
(d =50.1 pc), we did not explore it widely.

Given all the arguments exposed above where we visit all the models’ outcomes, our finally
reported values for the physical and chemical properties of AB Picb are reported on the final
columns of Tables 3.4 and 3.5.

3.5 Discussion

3.5.1 Performances & Limitations

As presented, we followed a multi-modeling approach varying the number of free parameters
and the wavelength range to derive the physical and chemical properties of ABPicb. In
general, we observe that the derived posteriors are consistent with previously reported
properties by Bonnefoy et al. (2014), but we recognized different behaviors for different
setups. Therefore, here we will analyze the performances for the different wavelength ranges.

For the full SED, a good general agreement with the continuum shape of the observations
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was derived for both atmospheric models, except for the H band range (see top panel of
Figure 3.5). This overestimation of the H band flux, mainly from BT-SETTL13, is a known
issue reported by Bonnefoy et al. (2014). The L band fitting in this setup agrees more or
less with the continuum, but we do not observe any line fitting due to the low resolution
on this spectrum. We observe that the inclusion of the photometry points was a significant
improvement to recognizing the overall behavior of the SED, but for the models, they do not
have a substantial impact on the derived physical properties.

We observe an excellent agreement between models and observations for the K band, especially
with the Exo-REM grid, when including the R, RV, vsin(i), and limb darkening into the
fit (see model B7 in Figure 3.9). The reduced x? value for model B7 is 0.00146, which is
half the value of model B3 (x* = 0.00235) and BT-SETTL13’s A8 model (x* = 0.00231).
From the residuals on the middle panel of Figure 3.5 we recognize that the models have
difficulties fitting the data where H>O absorptions are present (up to 2.05 um for both grids
and beyond 2.4 pm for BT-SETTL13) and at 2.149 pm but this line is probably a remaining
artifact caused by the dark spot on the instrument detector. We generally observe an overall
good performance of the models for this band, and the reported issues are minor.

When modeling the J band only, we discovered that the quality of the spectra did not allow
us to retrieve a good fit, which was reported by Bonnefoy et al. (2014) too. The problem
of the continuum fitting probably arises due to the presence of the HoO bands’ that are
difficult to model, or there may be some physical processes not considered by the models.
We overcame it by subtracting the continuum to the observations and restricting the nested
sampling exploration to 1.3 um. On the lower panel of Figure 3.5 we observe how the K I and
Na I lines are successfully fitted. However, in general, the models on the J band performed
worse than on the K band.

Given the previous discussions and arguments, we do not better constrain the 7., log(g),
and R than previous works. We do have estimated the © /o ratio and the [M/H] which are
new reported physical properties for AB Picb, and are fundamental for unveiling the origins.
Regarding the RV, high-resolution data is crucial for precisely estimating it, although we
get consistent solutions compared to the host star. The vsin(i), limb darkening, and A, are
poorly constrained from our multi-modeling approach. Finally, in general, we observe that
the BT-SETTL13 models are less accurate in fitting the continuum and the individual lines
than the Exo-REM ones. Testing other families of atmospheric models could be crucial for
a broader comparison and better understanding of the scopes and limitations of the models.

From the orbital modeling, we derived the system’s inclination, but we lack information to
estimate the eccentricity of the system, which is crucial for the semi-mayor axis and period
derivation. High-resolution data are needed to further constraint the orbital properties. In
this line, the system face-on configuration is favorable for future high-precision radial velocity
measurements as previously done with CRIRES for 8 Pic b and GQ Lupi b. The planet spin
axis orientation and the rotational period could be reported from future CRIRES+, JWST,
or ELT observations. The spin result could also be compared to the values measured for BD,
exoplanets, and Solar System planets, providing knowledge on the initial angular momentum
gained at formation.

All together, AB Picb is a prime target for observations with the next generation of telescopes.
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Therefore we show in Figure 3.10 how its spectrum would look like if observed with the
different cameras of JWST. The incredible wide wavelength range, covering many molecular
and atomic lines, is ideally suited for atmospheric modeling follow-up, eccentricity, and spin
calculations and testing the future generation of models with this classical young, wide-orbit
companion.

As complementary comments connecting the orbital modeling with the atmospheric modeling,
a precise measurement of the RV of ABPicb could allow confirming that the planet is
physically bound to AB Pic A by a direct comparison of the projected velocity of the
companion with the system escape velocity (2.80.2km/s using a separation of 272 au and
a mass of 1.3Mg). High-resolution observations would allow an accurate derivation of the
planet’s orbital parameters and particularly its eccentricity. Moreover, we could directly
measure the object’s projected rotational velocity from the line width to explore the planet’s
spin axis orientation (favorable orientation if edge-on) and the rotational period of AB Picb.
The spin result also provides knowledge on the initial angular momentum gained at formation
(Bryan et al., 2021). Currently, we are limited by the quality of the observations to follow
up on these constraints.

3.5.2 Formation Pathways of AB Pic b

ABPich is orbiting at a wide separation from the host star, making the link to a formation
process slightly tricky. First, its location is too far away to be explained directly by a CA
scenario (Chabrier et al., 2014; Testi et al., 2014), where migration mechanisms would be
essential (Marleau et al., 2019). Second, a formation through the GI scenario (Paardekooper
and Johansen, 2018) explains the current location better, but it would require that the
protoplanetary disk surrounding the host star was very massive at early stages. Last, a BD
formation through Gravoturbulent Fragmentation in the molecular cloud could be feasible
as well (Luhman, 2012; Chabrier et al., 2014; Nayakshin, 2017).

We recognized that from the BEX-Hottest-cond03 evolutionary models, the log(g) and T.y;
are slightly overestimated compared to atmospheric models, probably indicating that the
formation process of AB Picb was less like a star and more like a planet (Petrus et al., 2021).
From the metallicity, we cannot drive any conclusions given the considerable uncertainties
and potential biased, but it would be exciting in the future to compare the measurement
with the host star value ([M/H] = 0.04 + 0.02, Swastik et al. (2021)). However, the [M/H]
we derived is slightly higher than the host star value, favoring a formation scenario where
ABPich formed after AB Pic at large separations, but more precise information is needed
to confirm or reject these ideas.

In the same line, even though there is no available measurement for the /o ratio of AB
Pic, the ¢ /o ratio for ABPicb is compatible with the solar value (¢/o = 0.55, Brewer and
Fischer (2016)), considering that it is a younger object (Chiappini et al., 2003). Apart, this
value is higher than the measurements for g Pictorisb and HIP 65426b. (5 Pictorisb has a
©/o = 0.4340.05 and given its location and likely-hood of accreted solids mass, CA between
the H,O and CO; is the most likely formation scenario, as described by Nowak et al. (2020).
HIP 65426 b has a reported upper limit of © /o < 0.55 and it is proposed to be formed through
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Figure 3.10: JWST NIRSpec and MIRI predictions from Exo-REM with T.;r = 1800,
log(g) = 4.5, [M/H] = 0.22 and “ /o = 0.6.

CA as well by Petrus et al. (2021) given its similarity to  Pictorisb. We can interpret the
“/o = 0.6 for ABPich as an ISM /o value. ABPicb could have been formed: i/ beyond
the C'O snowline since there is no clear enrichment in abundance on any of these two atoms
on the atmosphere, compared to the ISM, in this case, it could have formed by GI, CA or
even by Gravoturbulent Fragmentation ii/ inside the H,O snowline and been ejected to wider
orbits which are in better agreement with the timescales in the CA scenario, iii/ somewhere
in between and have lowered its © /o ratio by the accretion of solids at final formation stages
but this is hard to test, following the ideas of Madhusudhan (2012).

We cannot rule out a formation scenario through CA, but there are two main difficulties
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to overcome. A migration case where the planet got ejected to wider orbits is challenging
to test, but a high eccentricity could be an observable tracer of such an event. However,
as observable form Figure 3.4, our current information does not allow us to constraint its
eccentricity, In any case, for just in a small number of configurations, AB Picb would end
up at a wide and eccentric orbit and not ejected from the system as studied for a similar
system in Marleau et al. (2019) which make this scenario unlikely. High-resolution data
is needed to test this scenario further. Therefore we consider that a GI formation better
explains the current characteristics of AB Picb. It allows a straightforward explanation of its
current location, metallicity, and ¢ /o ratio without too many extra ingredients. A formation
following the Tidal Downsizing Hypothesis proposed by Nayakshin (2017) could successfully
explain the physical and chemical characteristics of ABPicb as well.

Finally, ABPicb is, in fact, very similar in physical and chemical characteristics to TYC
8998; therefore, measuring the 2CO/3CO ratio as done by Zhang et al. (2021) is a direct
next step we are planning to follow, being able to deeper understand the location of formation
of ABPicbh favoring with precise arguments a closer in or an in-situ formation.

3.6 Summary & Conclusions

In this project, we deeply characterized the giant planet/ BD boundary companion, AB Picb.
For it, we reduced and corrected archival K band SINFONI data and a SPHERE H-band
imaged and collected available literature spectra and photometric points on other wavelengths.
Altogether, this gives a unique set of observations covering a broad range of the SED. The
definitive conclusions are the following:

i. We compiled a rich set of literature data of ABPicb from which the broad features of
the SED are observable together with key molecular signatures (see Figure 3.2). From
the photometric points, we have a time interval enough to partially resolve the orbital
properties (see Figure 3.3).

ii. In general, the multi-modeling performance allowed an excellent derivation of the
physical properties compatible with literature and evolutionary models, when available,
and we report first estimations for the ¢/, ratio of the system and the [M/H].

iii. We emphasize that the Exo-REM model B7 fits extremely nicely the K band continuum
shape, lines, and especially the CO bandheads, making our estimation of /o = 0.58 +
0.08 highly reliable.

iv. From the orbital modeling, we report new values for the semi-major axis (a = 190 £
200 au), the inclination (i = 90 4 12 deg) talking in favor of an edge-on configuration of
the system, and a potentially moderate to high-eccentricity, although poorly constrained.

v. We suggest that AB Picb was likely formed through gravitational instabilities or core/
pebble accretion beyond the CO snow line, given its current location, ¢/, ratio, and
the [M/H]. However, the scenario is highly complex, and our uncertainties on some
properties are considerable. Therefore, we cannot rule out other mechanisms like
gravoturbulent fragmentation or scattering.
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We are looking to test further the formation history of this target, for which high-resolution
data would be ideally, together with the comparison of the ¢ /o ratio to similar objects and
the implementation of other atmospheric grids such as Drift-PHOENIX (Witte et al., 2009,
2011). Finally, a derivation of the 2?C'O/3CO isotopologues ratio on the atmosphere of
ABPicbh and the measurement of the eccentricity could provide a key puzzle piece to unveil
its formation history.

3.7 Final Comments & Future Perspectives

Finally, to recapitulate, AB Pic b is a classical substellar companion at a wide orbit, which
has waken the curiosity of many astronomers; therefore, today, a rich set of observations are
available from which the black-body behavior of its SED is visible. A deep understanding of
this target opens the doors for a systematic analysis of similar sources and prepares the tools
and theories for the upcoming generation of telescopes.

We are looking forward to the next steps of this project which are, first, publishing the current
work, and second, we aim to have high-resolution (R ~ 10.000) AB Pic b observations, ideally
suited for understanding the K band features further and allowing a measurement of the
eccentricity of its orbit. Apart, to test the formation history further, we aim to constrain the
1200 /BC0 isotopologues ratio, which should be possible with the current resolution, but
we are still lacking the inclusion of this parameter in the models we implemented. Apart, a
spectrum of the host star would be ideal, from which we would be able to measure its © /o
ratio and directly compare AB Pic b to its host star.
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BT-SETTL 13 Toyy log(g) /o R RV vsin (i)
(K) (dex) (Rjup) (kms™) (kms™)
Priors (1400 — 2200)  (3.5—5) (0.28 —1.09) (0.5 — 10) (=10 —100) (0 — 100)
Full SED A0 | 1804.7877%% 4.0017003  0.6067005)
A1 | 1805.71478%9%  4.079%1  0.60610032
JHKL, A2 | 182144673738 474095  0.50210 05
Kband A3 | 1657.22575750  3.53870315  0.7397092%8
w/cont A4 | 1658.289F79735  3.612105%:  0.74%0%,  1.926701%2
A5 | 1664.624110452 3 549+0-243 () 73+0.026 22.31972%%
A6 | 1670.387F3090 3571702 0.7210:0% 34.342H17%, 71.975+127,808
A7 | 1670.375150958 3587021 0.723100%8 34.23571339,  71.695195218
A8 | 1669.21971796  3.572702  0.7157093  1.8717005, 34425722008 74595719502
A9 | 1668.421340%%  3.5921088  0.7127092  1.87703% 34457117522 72.9511]5%54
w/o/ cont A10 | 1547.213139%729  2.7621055,  0.778700%0
A1l | 173440372595, 3.36570558  0.679101%, 31.00171552
A12 | 1914.159752780 3.72479388 0571007 33.7357 25420 46.451 134002
A13 | 1854.5361 3525 3.693703%,  0.584108k 11417510 34.21178%226  55.309+205,998
J band Al4 | 1634.49478353 4 6587009 () 3290218
w/cont  Al5 | 1633.677F10457  4.64270:199 03641032 1.98970-566
A16 | 1635.6917853%  4.656709%  0.3221080 38.57271%290°  19.923145728
AL17 | 1634.75141008  4.647703,,  0.341708%8  1.98%08% 38.598 720657 21.957+11 8%
w/o/ cont Al18 | 1574.598732552  4.60270335  0.361702%
A19 | 157045772538 457170438 0.38370%80  4.25709%
A21 | 1578.18972935¢ 45997012 0.35870328  4.24735%9 38.655T140  28.599+11433
Hband  A22 | 1895.624715/22  4.014+0557  0.971795%
A23 | 1878.84175216.,  4.067077%  0.929709%  1.3397055
L,band  A24 | 1950.32731%6"  3.573705%  0.918%)%2
A25 | 1872.44917500324  3.6327093F  0.867105F,  1.286702%

Adopted Values

1800 £ 20

4675

0.71+0.15

1.8+0.2

32.9+10

Table 3.4: Table presenting the multi-modelels with BT-SETTL13. The priors are listed
on the first row. We explored the outcomes varying wavelength ranges and number of free
parameters. The models are labeled with a A from 0 to 25 and the adopted values from this
work and this atmospheric grid are listed in the last row. A0, A8 and A20 are the models
presented on the text and we colored them to match the colors on Figure 3.5 and 3.6.
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Exo-REM Ters log(g) [M/H) o R A, RV vsin(i)
(K) (dex) (Rjup) mag (kms™) (kms™)

Priors (400 —2000)  (3—5)  (=05-1) (01-08) (05—10) (0—5) (=10—100) (0 — 100)

Full SED B0 | 1699.999FL77 357001 0.996709%  0.674199%%
Bl | 1980.66173555 3.50170001  0.1847058,  0.698709%; 3.249790%

JHKL, B2 | 1698.91215517 3526701 0.985+095  0.77510:918

Kband B3 | 1776.1397570 % 3.3137085  0.769+005  0.842+5:92

w/ cont B4 | 1774.463759%5.,  3.268*076L  0.76670-39¢  0.8057992] 19.04374:423
B5 | 1798.655%5% ¢ 4.02670%20 05167037, 0.58170088 26.989715-952 74 47641044
B6 | 1891.98319%,198  3.8270008  0.529%0%%,  0.641%0% L171E0956 26.852731%86  74.26910752)
B7 | 1758.014F5550%  3.9647018" 036707 0.5827008%  1.69970 75 284762 7310671113

BS | 1805.90871302° 376240369 0.3311022°  0.631709%0  1.647012  1.06111%7  28.25T1847T 7368811082

w/o/ cont B9 | 1859.516F5317 4 77940066 1 goq*3181  (0.89419104

B10 | 1848.007%3%0 0,  4.768104%  2.124+5:22  (.873+0.1%8 30.11+3:0
Bl1 | 1927.7513552  4.822700%0  6.395124%  0.62703Y 33.36612059  47.516%21804
B12 | 1856.145%9%15L 476570298 2 48942108 62570099 (). 957+0808 3345717556 48 982125212

J band B13 | 1606.89973245 47007555 055028 0.20175:2%
w/cont  Bl4 | 1601.977T50071.  4.6757005  0.48370%2  0.21670%5  1.834737%,
B15 | 1608.3241 34421 4 73070192 ( 50940222 27021 37.2211LT13 91 398+330
B16 | 1508.373 2818, 4.709%0447 043610295 .262+03%  2.189+1 92 37634117752 97508782412
w/o/ cont B17 | 1179.249%70170  4.746%0219  —0.38370:030 (. 741%905L
B18 | 1193.8875957 47970108 _0.276798T  0.74410920  9.272+0:38%4
B19 | 1217.12%00633 45077923 —0.3670%2.  0.67270% 35.577T0 18 92 762735701

B20 | 1197.7775303489 4 75670172 026670736  0.7475922  9.3447+0:33, 35.457+10:269 99 1174138,

Hband B2l | 1919.1657%:%7 38277070 0.31379326  0.479+)231

B22 | 1857.722F 122850 3.8657093  0.243%0%5,  0.512702%  1.379+202

L,band  B23 | 1692.135714%361 354370871 .78440054  0.76975:918

B24 | 1686.411131445¢  3.56270527  0.724104%8  0.7031095,  1.63510363

Adopted Values 1700 & 50 45403 036402 0584008 1.7+08 - 32345 -

Table 3.5: This Table is analogous as Table 3.4 but for Exo-REM wich has a non constant
[M/H] and models are labeled with a B from 0 to 24. B0, B7 and, B19 are the ones
represented in Figure 3.5 and 3.7.
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Chapter 4

Conclusions

In the introduction we give a broad review of this research topic’s state of the art. Massive
exoplanets and brown dwarfs share many observable properties, which motivates the under-
standing of their origins. We know that these are two different populations of objects, and by
studying the imprints left on their atmospheres, when they are still young, it is expected that
we are able to trace the mechanism and location of formation and even a further evolution
history.

We started this project by selecting a sample of substellar young companions and isolated
objects. The main idea was to systematically study their atmospheres related to their
architectures to identify common tendencies. This part of the project is currently under
development, but the initial stage was completed. In chapter 2, the reduced and corrected
spectra for the 24 targets and the methods can be found, together with evolutionary models
predictions for the physical and chemical characteristics of the sample. In the near future,
we will model the atmospheres and precisely constraint the ¢/ ratio for the sample. If
those targets follow a similar trend as showed in Brewer and Fischer (2016) for stars, then
we proposed that they were formed through GtF or GI, centered at a slightly higher ©/o
ratio since these are young targets (Chiappini et al., 2003). If the /5 ratios of the sample
are lower or higher, we propose that those targets probably formed through CA or accreted
material at final formation stages. These are general ideas at the moment, but we are looking
forward to test them.

Given the short time of a master project, we decided to focus on characterizing one of the
targets. We selected for this scope AB Pic b, a companion with a rich set of previous
observations ideal for a profound characterization of its atmospheric physical and chemical
characteristics. We explore its atmosphere using a tool called ForMoSA based on a Bayesian
approach. From the results of the atmospheric modeling together with the outcomes from
evolutionary models and the study of the orbital properties, we propose that AB Pic b was
most likely formed by gravitational instabilities or core/ pebble accretion at large separation
(beyond the CO snowline) at early stages in a massive protoplanetary disk, given its stellar
“/o ratio together with the slightly super-stellar metallicity. However, other scenarios
cannot be ruled out with our current system understanding, mostly due to the incapacity for
estimating the eccentricity from the current available observations together with the missing
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exploration of the carbon isotopologues ratio. A high-resolution spectrum would be ideal to
further prove this story by allowing a constraint on the eccentricity and a detailed revision
on other physical properties.

In the future, by comparing AB Pic b to other similar objects, we could make further
constraints. This topic is highly active and promises to be revolutionized with the future
generation of telescopes. In this line, when data from the ELT or JWST is available, AB Pic
b will be a prime target to test further the ideas of relating atmospheric characteristics to
formation processes, given their high resolutions and broad wavelength coverage (see Figure
3.10). Hopefully we will even be able to split the population of brown dwarfs from the
population of massive gaseous exoplanets, one of the big questions that prompted this master
project.

Finally, regarding the continuity of this project, we will work on this sample to test these ideas
further during the following years as part of my upcoming Ph.D. project at the Laboratoire
Lagrange and the Observatoire de la Cote d’Azur in Nice, France. I am highly enthusiastic
about the coming years and looking forward to the road that this project will be taking and
where the future observations will guide us.
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Appendix A

SINFONI K band Library Spectra

The final extracted spectra for each target can be found in this section. These are the median
combined spectra of the good quality observations, corrected for different effects, as described
in Chapter 2, and calibrated in flux. All the references for the cited values can be found in
the Tables 2.1, 2.2 and specific parameters of the observations on the observation log in Table
2.3.
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Figure A.1: Spectrum of 2M 0103 AB B

2M 0103 AB B is a companion to a double low-mass stars system, located at 47.2pc from
the sun, member of the Tucana-Horologium association with an estimated age of 30 Myr.
The binary system is known as SCR J01033563-5515561 too. 2M 0103 AB B is orbiting
the system at 84 au in projected separation. This target was observed four nights, eight
exposures each time, but only in two nights is the companion observable on the field of view
(hereafter FoV). The standard stars observed for the atmospheric transmission spectrum are
Hip 008445 (B9V) and Hip 108421 (B9.5V). The source is well defined but close to its host
binary for all individuals’ observations. Not all the extracted spectra have excellent quality,
but we decided to median combine them all, and the outcome is observable in Figure A.1.
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Figure A.2: Spectrum of AB Pic b

AB Pic b is a companion located at 50.14 pc, classified as part of the young (13Myr) Carina
association. This target is orbiting the host star at a projected separation of 273 au, and
probably the configuration is edge on to our point of view. AB Pic b has a spectral type
around LO and an effective temperature probably close to 1800 K. The target was observed
two nights, on 12/01/2014 and 15/12/2013, each with five exposures. The standard stars used
to get the atmospheric transmission spectra are Hip 038904 (B8V) and Hip 034397 (B8V).
The source is well defined and centered inside the image for all individuals’ observations.
We used all individual observations to median combine them finally, and this spectrum is
observable in Figure A.2 and was used for the atmospheric modeling presented in Chapter 3.

A.3 CAHA TAU 1
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Figure A.3: Spectrum of CAHA TAU 1

CAHA TAU 1 is an isolated target at 140 pc from the sun of spectral type around M6
and effective temperature around 2000. It was observed two times, with three exposures on
the first epoch, where the companion is outside the field of view in two of them, and four
exposures on the second epoch. The spectra, in general, look very noisy for all the cubes.
We ended up with five cubes to extract the spectrum of CAHA TAU 1. The standard stars
used are Hip 038280 (B9IV) and Hip 029832 (B9V). We used these five extracted spectra to
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median combine them finally, but, as observable in Figure A.3, the resulted spectrum is very
noisy.

A4 CD-35 2722 B

— Flux Rejected Errors

2.0 2.1 2.2 2.3 2.4
A (um)

Figure A.4: Spectrum of CD-35 2722 B

CD-35 2722B is a companion member of the AB Doradus association at 21 pc from the sun
and an estimated age of 5 Myr. Its spectral type is around L0, with an effective temperature
around 1800 K and orbiting its host star at a projected separation of 67 au. CD-35 2722B
was observed one night with four exposures. The standard star observed is Hip 036228, a
B9 V spectral type star. For all individuals’ observations, the source is very well defined
and centered inside the limits of the image. A ray of light seems to be crossing the image,
which may contaminate the spectrum, but the intensity is much lower than the companion’s
light. We used all extracted spectra to median combine them finally, and the final result is
observable in Figure A.4.

A.5 DH TAU B
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Figure A.5: Spectrum of DH TAU B

DH TAU B is a young (1 Myr) companion, member of the Taurus association, located at
142 pc from the sun. It has an estimated M9 spectral type and a 7.5 of 2400 K. The
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companion is orbiting its MO host star at a projected distance of 330 au This target was
observed three nights, each time with two exposures. The extraction radius used is 5 pixels,
but the spectra have a high quality for some cubes, and for others, considerable emission
and absorption lines cross the spectra. The standard stars used to get the atmospheric
transmission spectrum are Hip 034395 (B2V), Hip 040105 (B5V), and Hip 018296 (BI9E).
The final medium combined spectrum is noisy. Some contamination light is crossing the
image on the horizontal just through the middle of the source, which could be a reason for
the noisiness we observe in Figure A.5, but it seems to be an effect of the object itself and
not the contamination of another nearby source. We used all extracted spectra to median
combine them finally. For correcting the sky emission lines, we fitted a 0-degree polynomial
to a masked cube and extracted the sky behavior over the wavelengths.
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Figure A.6: Spectrum of FU TAU B

FU TAU B is a companion at 140 pc from the sun, a young Taurus association member
(1 Myr). It is orbiting its host star at a projected distance of 800 au, and its spectral type is
around L0. It was observed during one night with six exposures. The companion is not well
centered on each cube. In some of them, the target is half outside the FoV. The standard
star used to get the atmospheric transmission spectrum is Hip 029446 (B2V). The presented
spectrum in Figure A.6 is the result when median combining the spectra of the cubes where
the companion is entirely inside the FoV.

A.7 GSC 06214 B

GSC 06214 B is a companion located at 145 pc, and member of the young (~ 5 Myr) Upper
Scorpios OB association. It has a reported spectral type of L0, and it is orbiting its host
star at a projected separation of 320 au. For this program, it was observed during one night
with four exposures. In all four exposures, the host star is half outside the FoV, and the
companion is close to the host. Therefore its light is highly contaminated with deep lines

and high peaks. The projected separation between companion and host is 2.2”70r320 au with
a PA = 180deg.
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Figure A.7: Spectrum of GSC 06214 B

The standard star used to get the atmospheric transmission spectrum is Hip 082652 (B3III),
a problematic spectral type since the program did not recognize it. For this specific target,
observable in Figure A.7 the spectrum looks highly contaminated, and even the shape may
be affected. We are testing a spectral deconvolution routine to clean the spectrum from the
host starlight, but this routine is not ready at the moment and is one of the first things we
are planning to finish in the upcoming Ph.D. program.
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Figure A.8: Spectrum of HIP 78530 B

HIP 78530 B is a companion, member of the Upper Scorpius association at a distance of
137 pc and with an estimated age of 10 Myr. The companion is of spectral type M7, and it
is orbiting its host star (B9V) at a projected separation of 623 au It was observed during two
nights, each time with four exposures. The target is well centered for each observation. The
standard star for the first night, used to get the atmospheric transmission spectrum, is Hip
068876 (B9V), and for the second-night Hip 079473 (B9.5V). The second-night observations
are much noisier than the first ones. Some lines are crossing the datacubes but not close to
the companion’s light, which may still affect it. For the sky emission lines subtraction, we
used a big inner radius for the mask (30 pixels) to eliminate bright speckles and rays. The
best solution would be to get rid of them first and then correct for sky emission lines, but
finally, we just ignored the spikes because the final result is good enough. We applied no sky
emission lines correction for this final median combined spectrum.
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A9 HR 7329 B
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Figure A.9: Spectrum of HR 7329 B

HR 7329 B is a companion at 47.6 pc from the sun, member of the  Pic association with an
age of 20 Myr. It has an estimated spectral type of M8, and it is orbiting its host star (AOV)
at a projected distance of 136 au and 4.27. This companion is identified with the name Eta
Tel b too. It was observed during three nights, the first with eight exposures, the second
with nine, and the third with two. On the first night observations for some datacubes, the
companion does not appear inside the FoV. Apart, some of the exposures are high quality
while others are noisy. The standard stars used to get the atmospheric transmission spectra
are Hip 090348 (B8.5V) for the first night and Hip 095404 (B8V) for the second and third
nights. The non-well centered observations of night one were rejected from the final medium
combined spectrum observable in Figure A.9. The quality of the final spectrum is excellent.
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Figure A.10: Spectrum of KPNO TAU 1

KPNO TAU 1 is an isolated BD member of the Taurus association of ~ 5 Myr at 140 pc from
the solar system. It has a reported spectral type of M8.5V. This object was observed during
one night with six exposures. The standard star used to get the atmospheric transmission
spectrum is Hip 028220 (B5E). On the last exposure, the target is half outside the FoV;
therefore, we rejected this datacube. Finally, due to the background noise, we selected the
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first three datacubes and median combined their spectra to end up with the final spectrum
observable in Figure A.10.

A.11 KPNO TAU 4
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Figure A.11: Spectrum of KPNO TAU 4

KPNO TAU 4 is an isolated BD similar to KPNO TAU 1, member of the same association
and at 140 pc. It has a spectral type of M9.5. It was observed one night with six exposures.
Each spectrum has a relatively good quality, but some minor high and low emission peaks
are observable. The standard star used to get the atmospheric transmission spectrum is
Hip 027456 (B8E). For all individuals’ observations, the source is well defined and centered
inside the FoV except for the last one. The sky emission lines correction makes a remarkable
improvement for this target. Three of the datacubes were rejected from the final median
combined spectrum, observable in Figure ?? for different reasons.
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Figure A.12: Spectrum of KPNO TAU 6

KPNO TAU 6 is again very similar to KPNO TAU 1 and 4. It is located a little closer
at 116 pc, and its spectral type is M8.5V. Again, in the last six exposures, taken during
one night, the target is outside the FoV. The standard star used to get the atmospheric
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transmission spectrum is Hip 029832 (B9V). We do not have bad spectra but many with
random high and low peaks. We used the five first exposures to extract the spectra and
finally median combine them, observable in Figure A.12.
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Figure A.13: Spectrum of PZ TEL B

PZ TEL B is a companion, member of the 8 Pic association, located at 51.5 pc from the solar
system and with an estimated age around 12 Myr. It has an estimated M7V spectral type,
orbiting its host star (G6.5) at 20 au. This companion is also known under HD 174429 B and
HIP 92680 B. This target was observed two nights, but on the first night, the companion was
outside the FoV. On the second night, eight exposures were taken, where the companion is
again outside the FoV for the first exposure. The standard star used to get the atmospheric
transmission spectrum is HIP094849 (B8V). The host star is very close to the target, and its
light contaminates the companion spectra in the form of a halo. We still have to figure out
the possible side effects of this contamination. For now, the final median combined spectrum
for PZ TEL B is observable in Figure A.13.

A.14 RXS 1609 B
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Figure A.14: Spectrum of RXS 1609 B
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RXS 1609 B is a companion member of the Upper Scorpios association, located at 139 pc from
the solar system. It has an estimated age of 11 Myr and an LO spectral type. This target is
orbiting its MO host star at a projected separation of 2.22” or 330 au. The current extracted
spectrum for this target is observable in Figure A.14, but this cannot be trusted. As for GSC
06214 B, the companion is close to its host star, and therefore its light is contaminated. We
are also testing the SD routine, but we still have not successfully extracted the spectrum.

A.15 USCO 1606-2219
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Figure A.15: Spectrum of USCO 1606-2219

The following nine targets, all identified under the USCO nomenclature, are very similar.
They all isolated field BD, members of the young (5 — 10 Myr) Upper Scorpius association
at approximately 145 + 15 pc from the sun.

USCO 1606-2219 has an estimated L2 spectral type. It was observed one night with four
exposures. The spectra look noisy for all tested extraction radius; therefore, we set the
extraction radius to 5 pixels. The standard star used to get the atmospheric transmission
spectrum is Hip 086507 (B9V). For all individuals’ observations, the source is very well defined
and centered inside the limits of the image except for the second, where two objects can be
identified on the FoV. It seems that the one on the left upper corner is USCO 1606-2219;
however, this datacube was ignored before finally median combine the spectra and end up
with the spectrum presented in Figure A.15. The result is highly noisy but does not look too
bad.

A.16 USCO 1606-2230

USCO 1606-2230 has an estimated M8 spectral type. It was observed one night with four
exposures. The spectra look noisy, but, as argued for USCO 1606-2219, the extraction radius
used is 5 pixels. The standard star used to get the atmospheric transmission spectrum is Hip
079042 (B9V). For all individuals’ observations, the source is very well defined. The target is
on a different corner of the datacube for each exposure but inside the FoV. There are some
black spots on the datacubes, but not over the target; therefore, we ignored this detail. We
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Figure A.16: Spectrum of USCO 1606-2230

used all extracted spectra to median combine them finally, and the final spectrum can be
observed in Figure A.16. The result is noisy because of deep absorption lines, but it does not
seem too bad, and the sky emission lines correction significantly improves the result.

A.17 USCO 1606-2335
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Figure A.17: Spectrum of USCO 1606-2335

USCO 1606-2230 has an estimated M9 spectral type. It was observed one night with three
exposures. The spectra look noisy, but, as argued for USCO 1606-2219, the extraction radius
used is 5 pixels. The standard star used to get the atmospheric transmission spectrum is Hip
084190 (B9V). For all individuals’ observations, the source is very well defined. The target
is on a different corner of the datacube for each exposure but inside the FoV. We used all
extracted spectra to median combine them finally, and the final spectrum can be observed in
Figure A.17. The result is noisy because of deep absorption lines, but it does not seem too
bad, and the sky emission lines correction significantly improves the outcome.

A.18 USCO 1607-2239

USCO 1607-2239 has an estimated L1 spectral type. It was observed two nights with four
exposures on the first one and two on the second one. There may be more profound problems
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Figure A.18: Spectrum of USCO 1607-2239

for this target than just observational noise since, for different observations on the same night,
the slope of the extracted spectrum for each datacube and its main features change. We set
the aperture radius to five pixels again. The standard stars used to get the atmospheric
transmission spectra are Hip 094122 (B8V) and Hip 079473 (B9.5V). For all individuals’
observations, the source is very well defined. The target is on a different corner of the
datacube for each exposure but inside the FoV. The slopes of the individual spectra are
not consistent, as previously mentioned; therefore, we do not entirely trust the spectrum
observable in Figure A.18; however, we will analyze this target in detail during the upcoming
Ph.D. program.

A.19 USCO 1608-2232
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Figure A.19: Spectrum of USCO 1608-2232

USCO 1608-2232 has an estimated M9 spectral type. It was observed one night with four
exposures. The spectra look noisy, but, as argued for USCO 1606-2219, the extraction radius
used is 5 pixels. The standard star used to get the atmospheric transmission spectrum is Hip
079897 (B9V). For all individuals’ observations, the source is very well defined. The target
is on a different corner of the datacube for each exposure but inside the FoV. We used all
extracted spectra to median combine them finally, and the final spectrum can be observed
in Figure A.19. The result is noisy because of deep absorption lines. The sky emission lines
correction does not significantly improve the result for this particular target. To improve the
final extracted spectrum, we decided to ignore the third datacube due to its higher noise.
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A.20 USCO 1608-2335
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Figure A.20: Spectrum of USCO 1608-2335

USCO 1608-2335 has an estimated M8.5 spectral type. It was observed one night with four
exposures. The spectra look noisy, but, as argued for USCO 1606-2219, the extraction radius
used is 5 pixels. The standard star used to get the atmospheric transmission spectrum is Hip
079739 (B8V). For all individuals’ observations, the source is very well defined. The target
is on a different corner of the datacube for each exposure but inside the FoV. We used all
extracted spectra to median combine them finally, and the final spectrum can be observed in
Figure A.20. The result is noisy because of deep absorption lines, but it does not seem too
bad, and the sky emission lines correction significantly improves the result.

A.21 USCO 1610-2239
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Figure A.21: Spectrum of USCO 1610-2239

USCO 1610-2239 has an estimated M8.5 spectral type. It was observed one night with four
exposures. The spectra look noisy, but, as argued for USCO 1606-2219, the extraction radius
used is 5 pixels. The standard star used to get the atmospheric transmission spectrum is Hip
080804 (B9V). The source is very well defined for all individuals’ observations, except on the
final exposure, where the target appears very faint. The target is on a different corner of
the datacube for each exposure but inside the FoV. We used all extracted spectra to median
combine them finally, and the final spectrum can be observed in Figure A.21. The result
is noisy because of deep absorption lines, but it does not seem bad. The sky emission lines
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correction does not significantly improve the result since it is not higher than the noise level,
but we still believe it is essential to perform. By eye, this target has a more precise spectrum
than the previously presented USCO members.

A.22 USCO 1612-2156
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Figure A.22: Spectrum of USCO 1612-2156

USCO 1612-2156 has an estimated LO spectral type. It was observed two nights, with four
exposures the first and three exposures the second. The spectra look noisy, but, as argued for
USCO 1606-2219, the extraction radius used is 5 pixels. The standard star used to get the
atmospheric transmission spectrum is Hip 082154 (B9IV/V). For all individuals’ observations,
the source is very well defined; however, the second exposure of the second night has a higher
noise level. The target is on a different corner of the datacube for each exposure but inside
the FoV. We used all extracted spectra to median combine them finally, and the extracted
spectrum can be observed in Figure A.22. The result is noisy, but it does not seem too bad,
and the sky emission lines correction significantly improved the outcome.

A.23 USCO 1613-2124
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Figure A.23: Spectrum of USCO 1613-2124

USCO 1613-2124 has an estimated LO spectral type. It was observed two nights, with four
exposures the first and three exposures the second. In general, this target is very similar
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to USco 1613-2124. The spectra look noisy, and the extraction radius used is 5 pixels. The
standard star used to get the atmospheric transmission spectrum is Hip 078968 (B8V). For
all individuals’ observations, the source is very well defined; however, the third exposure of
the second night has a higher noise level. The target is on a different corner of the datacube
for each exposure but inside the FoV. We used the mentioned spectra to median combine
them finally, and the extracted spectrum can be observed in Figure A.23. The result is noisy,
but the sky emission lines correction significantly improved the outcome.

A.24 USCO CTIO 108 AB
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Figure A.24: Spectrum of USCO CTIO 108 AB

USCO CTIO 108 AB is the low-mass BD member of a binary system on the Upper Scorpius
association at 145 £+ 15 pc from the sun. This binary member is orbiting the higher mass
member at a projected distance of 4.6” or 667 + 10 au. As for the other USCO members,
this is a young target (~ 5 Myr) and has an estimated M7 spectral type. This target was
observed during one night with five exposures. On the datacubes, we identified two objects,
and after a visual inspection of their coordinates, we recognized that the faintest one was
our target. The extraction radius was set to five pixels. The standard star used to get the
atmospheric transmission spectrum is Hip 079739 (B8V). Even though the target is faint,
the extracted spectrum for each datacube is high quality. We used finally all exposures and
median combined them to extract the final spectrum, presented in Figure A.24. The quality
of this companion is significantly better, compared to the isolated members of this same
association.
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