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Foreword - About this thesis

My work at the Observatoire de Paris was mostly instrumental and observational. I tried to
find new ways to observe the young 3 Pictoris stellar system, in order to better understand
the origin of its giant planet 8 Pic b.

Since the discovery of its circumstellar disk, the 8 Pic system has been extensively studied.
The literature on this astronomical object is abundant, with more than 100 dedicated papers
published. In Part I of this thesis, I propose a review of the § Pictoris system, in which I go
through what I think are the most important studies and discoveries made so far, and what
are the current major open questions.

Initially, my work was supposed to be exclusively centered on PicSat, a three-unit CubeSat
whose goal was to monitor the photometry of 5 Pictoris, and to observe the transit of 8 Pic
b. T took the role of the instrument scientist for the mission during the first ~ 2 yr of my
Ph.D. The team working on PicSat was small (~ 5 people), and desigining a satellite, be it a
small one, involves many different activities. So, I ended up working on several aspects of the
mission, which spaned many different sub-fields of science and engineering (control theory,
electronics, embedded programming, optical modeling, data analysis, database design and
management, etc.). This heterogeneous work on PicSat is presented in Chapters 2 to 9 of this
thesis, all grouped together under Part II.

Chapters 2 and 3 give a general introduction to the mission, and to its on-board instrument:
a fibered photometer.

In Chapter 4, I present my solution to what is certainly one of the main problem of single
mode photometry from space: how to maitain a stable injection in the fiber in the presence
of residual satellite pointing errors?

There is an entire world between a conceptual algorithm to stabilize the injection in a
single-mode fiber, as presented in Chapter 4, and an actual fibered instrument capable of
tracking a target. This world is the world of embedded programming. When I started my
Ph.D., registers, peripherals, linker scripts, SPI and I2C protocols were so many words foreign
to me. Even a microcontroller was nothing more but a vague concept. I had to learn, and
this took me quite some time. So much time, in fact, that I wanted to inflict to my reader
some of the horrible details of progamming the STM32F303RT6 microcontroller of the PicSat
instrument. So I wrote Chapter 5.

Chapter 6 focuses on the question of the data reduction, a topic probably more familiar
to the astronomer. I spent some time studying how variations of the thermal environment of
the satelilte could affect the optical quality of the instrument, how this optical quality was
related to the photometric stability, and how to filter the data to guarantee its quality. The
PicSat mission did not produce any science data, so this work remains a purely theoretical
exercice. I decided to include it in this lengthy thesis anyway, as I think it can be of interest
to some readers.

In Chapter 7, I give some details about the test campaigns which were performed on the
PicSat instrument, and in which I was strongly involved. The goal of these test campaigns
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was to verify that the instrument could withstand the launch, and the harsh conditions of the
space environment. I also included my work on the optical alignment of the PicSat instrument
in this chapter, simply because I did not know where else to include it.

I spent most of my time working on the science instrument, but I was also involved in
the development of the ground segment for the mission. I was intially brought to it by
necessity, simply because I needed a reliable format to send data in and out of the payload
microcontroller. I started to dig into space communication protocols, and got a foothold in
the ground segment. I then jumped into it when we later decided to involve the amateur radio
community and the general public in the project, to retrieve data from the satellite. 1 got
my amateur radio licence, which was required to operate the satellite, and I started to work
on the mission website. This website rapidly became an important part of the colaboration
with the amateur radio community, and since it was used to retrieve and display the satellite
data, it was directly connected to the database. Before I realized what 1 was doing, it was
already too late: I had become the official webmaster and database manager for the mission.
I quickly present my activties on the ground segment in Chapter 8. This chapter severely
deviates from the general astronomical topic of this thesis, and the reader can safely skip it
if he or she wishes.

Chapter 9 is definitely shorter than I would have liked. In this chapter, I present the
operation phase of the mission, which unfortunately lasted only 10 weeks. I give some details
about the end of mission, and point to some of the possible causes. The reader will also find
a conclusion about CubeSats, astronomy, and future perspectives at the end of this chapter.

The clear objective of this entire Part II was to answer key questions about the potential
transit of S Pictoris b. I was also hoping that by producing a high-quality and consistent
dataset over ~ 1 yr, PicSat would also help shed new light on the circumstellar disk and its
current dynamics. But the harsh reality is that it did not work out that way.

A direct consequence for me was that I had to find another way to study § Pic b. 1
was fortunate enough to have the opportunity to observe the giant planet with the long-
baseline interferometer GRAVITY at the Very Large Telescope. This observation, as well as
the observation of HR 9799 e [Gravity Collaboration et al., 2019], were the first of their kind,
and I had to develop a new method to reduce them. Part III, which contains Chapters 10
to 13 of this thesis, is dedicated to these long-baseline spectro-interferometric observations of
g Pic b with VLTI/GRAVITY. This part is completely independant from Part II, and the
reader does not need to read them in any particular order. In fact, she or he does not need
to read both of them at all.

Chapter 10 is a general introduction to the role played so far by interferometry in exo-
planet science, and Chapter 11 is a detailed introduction to interferometric observations in
general, and to the GRAVITY instrument in particular. The reader already familiar with
VLTI/GRAVITY can probably skip this chapter.

The observing strategy and the data reduction used to observe exoplanets with GRAVITY
are detailed in Chapter 4. I developed the entire data reduction algorithm in a complex linear
algebra formalism, which I believe is well suited to interferometry. This formalism makes use
of complex random variables, which are presented in Annex B. The data reduction method
itself is presented in Sections 12.4 and 12.5, in all its lengthy mathematical details.

The results obtained on 8 Pic b are presented in Chapter 13. This chapter arguably
contains the main astrophysical contribution of this thesis. In particular, Section 13.5, which
present a possible interpretation of the 8 Pic b observations in terms of formation history, is
a direct attempt to contribute to some of the key questions outlined at the end of Part I.

Finally, a short general conclusion is given in Part IV.
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6 CHAPTER 1. THE BETA PICTORIS STELLAR SYSTEM

1.1 A black swan in the sky?

It is estimated that our galaxy, the Milky-Way, contains about 250 billions stars. And al-
though its exact shape is hard to determine precisely, we know that it is roughly a flat disc,
with a diameter of about 200 000 light-years (ly), and a thickness ratio of 1/100th!. This
represents a volume of about 6.3 x 103 1y® (cubic light-years), leading to a stellar density of
3.9 x 1073 stars/ly® in our galaxy.

Stellar density in the Milky-Way: pr = 3.9 x 1073 stars/ly*

The first planet outside of our Solar System was discovered in 1995, and since then, the
number of confirmed exoplanets has steadily increased over the years. A few thousands are
known today, suggesting that planet formation is not a rare phenomenon. In fact, a statistical
analysis of microlensing data gathered during the period 2002-2007, and reported in Cassan
et al. [2012], suggests that the majority of stars host at least one planet of any kind, with up
to 20% hosting at least one giant planet.

Fraction of stars with a giant planet: fp =02

As a general rule, small stars live calm and long lives (> 100 Gyr), whereas massive stars
live spectacular but short lives (<« 1 Gyr). Let’s take 10 Gyr as the lifetime of a star. The
typical duration of planet formation processes (from the formation of a planetary core, to the
end of the cooling phase) is estimated to be a few tens of million years, say 50 Myr. If we
consider that the total lifetime of a planet is the same as its host star, then the fraction of
planets still in their cooling phase is ~ 0.005.

Fraction of systems in cooling phase: fe =10.005

Considering a planetary system anywhere in the galaxy, what is the probability of being
able to observe it in transit? The answer depends on the exact shape of the “planetary
system”. If we consider the entire protoplanetary or debris disk, studies suggest extensions of
~ 100 AU, with thickness increasing with radius, to reach ~ 10 AU at the external edge. As
such, a debris disk would cast a shadow covering ~ 0.6 sr. The system is seen “in transit” if
the Earth lies in these 0.6 sr, which should happen with a probability of 0.6/47 = 0.05.

Fraction of transiting planetary systems: ft =0.05

So, what is the probability of having a system seen edge-on (in transit), with a young giant
planet orbiting around the star, close-enough to be easily detectable even with the naked eye
(mag < 4.0)? To estimate this probability, we first need to take into account the fact that
stars are not created equal, and that brighter stars can be detected from farther away. An
estimate of the distribution of stars per magnitude in the solar neighborhood can be found in
Ledrew [2001]|. For each magnitude, we can calculate the maximum distance allowed for the
star to have an apparent magnitude < 4:

Abs. mag. 0 1 2 3 4 5 6 7 <8
Fraction fi 0.001 0.003 0.005 0.01 0.015 0.03 0.03 0.03 0.876
Max dist. Dmax,m (ly) 190 120 77 49 30 19 12 7 <5

The probability of having a star with a planet seen edge-on with a magnitude < 4 is then
given by:

1

47
P:Zg(pmaxﬂn)gxfmxp*Xprfoftgm

And yet, such a system does exist in our Galaxy: [ Pictoris. Are we really that lucky?

!Picture a DVD...
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1.2 Beta Pictoris

With a visible band magnitude of My = 3.86, 8 Pictoris is the second brightest star of the
Pictor constellation (Figure 1.1), and can easily be seen with the naked eye, under medium
conditions. It is a star of the Southern sky, though, inaccessible to an observer in the Nothern
hemisphere.

The basic parameters of the star are relatively well constrained (see Table 1.1). It is an
A6V star |Gray et al., 2006], with a temperature of ~ 8000 K, a surface gravity of log(g) ~
4.1 to 4.2, a near Solar metalicity of [Fe/H] ~ 0.05 [Lanz et al., 1995, Gray et al., 2006]), and
a mass of ~ 1.8 My [Lanz et al., 1995, Crifo et al., 1997]. It was also noted by Crifo et al.
[1997] that 8 Pictoris was a very young star, which was recently confirmed by a study of the
B Pictoris Moving Group [Mamajek and Bell, 2014], setting the age of the star to 23 +3 Myr.
The diameter of 8 Pic has been measured by long baseline interferometry: Di Folco et al.
[2004], Kervella et al. [2004] found and angular diameter of 0.84+£0.04 mas with VLTI/VINCI,
whereas a more recent observation with VLTT/GRAVITY is reported in Defrére et al. [2012],
who obtained an angular diameter of 0.736 +0.019 mas. Given the distance of 5 Pic (19.3 pc,
from Hipparcos measurements), this translates to a physical radius of ~ 1.5 to 1.7 Rg,.

The star is also a 6-Scuti variable, with frequencies ranging from ~ 30 d~! to ~ 70 d—*
[Koen, 2003, Galland et al., 2006, Mékarnia et al., 2017].

Interestingly, if the overall metalicity of 8 Pictoris seems to be well constrained, its chem-
ical composition, and in particular its Carbon-to-Oxygen ratio, which is of prime interest
for the study of the planetary system, remains to be determined. The only estimate of the
chemical composition of § Pic currently available in the literature comes from Holweger et al.
[1997], who determined via spectroscopic observations that the abundances of C, Ca, Ti, Cr,
Fe, Sr, and Ba were all solar. The O abundance is still unknown.

Magnitude  Age  Distance Diameter Temperature Surface grav. Mass Metalicity
(Vband)  (Myr)  (pc) (Ro) (K) log(g/g0)  (Mo) _[Fe/H]
3.86 23+3 19.3 1.5 to 1.7 8000 4.1 1.8 0.05

Table 1.1: Main characterestics of § Pictoris

1.3 Circumstellar-disk around beta Pictoris

1.3.1 Initial discovery

Initial clues for the presence of circumstellar material around S Pictoris were found in 1984
when observations with the Infra-Red Astronomical Satellite (IRAS) led to the discovery of
infrared excess emission around many nearby stars. In 1984, it was announced that circum-
stellar material had been detected around S Pictoris, as well as three other stars: Vega,
Fomalhaut, and € Eridani (see Aumann [1985]). In the case of Vega (a Lyrae), the same
investigators also suggested that the detected circumstellar material could be associated with
planet formation.

In 1984, no exoplanet had ever been detected. The first planet outside the solar system
was only discovered in 1995 [Mayor and Queloz, 1995]. Thus, the idea of being able to connect
the infrared emission detected with IRAS with the presence of potential planets sparked the
interest of a few different teams, and in 1984, Smith and Terrile started to look for an optical
counterpart to the infrared excess detected around g Pictoris. They reported that “using a
special optical instrument known as a coronagraph”, they were “successful in obtaining optical
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Figure 1.1: The small Pictor constellation (reproduced from the Sky & Telescope’s Pocket
Sky Atlas)

images of the disk [around § Pictoris|”. This was the beginning of a quest to understand the
origin of the disk which is still ongoing, more than three decades after this initial discovery.

To satisfy the undoubtedly curious reader, this first image of the 8 Pictoris disk, ob-
tained by Smith and Terrile with their optical coronagraph mounted on the 2.5 meter Dupont
Telescope is presented in Figure 1.2, along with a more recent picture, obtained with STIS,
on-board the Hubble Space Telescope (HST)

1.3.2 General structure

The general structure of the circumstellar material around g Pictoris is that of a circumstellar
disk oriented North-East (NE) to South-West (SW) (position angle of ~ 29°, Apai et al.
[2015]), extending to about 400 AU [Smith and Terrile, 1984], and rotating toward us on the
SW side [Olofsson et al., 2001].

The first series of observations of the circumstellar disk around g Pictoris were mainly
aimed at determining the origin of the detected emission, as well as the disk radial profile (in
terms of emission and density). It rapidly became clear that the detected emission was light
from the star scattered by dust grains, which had to be relatively large (> 1um) to explain
why the scattering was achromatic [Paresce and Burrows, 1987]. Some peculiar characteristics
were also found in the photometric radial profile, with abrupt changes in the profile detected
by Golimowski et al. [1993]. Lagage and Pantin [1994] also reported a dust-depletion region
within 40 AU of the system, which had already been suggested by Backman et al. [1992].
Lagage and Pantin suggested that this depletion zone could be linked to the presence of at
least one planet orbiting in the system.

As observational capabilities progressed, images also started to unveil a set of asymmetries
in the disk. Kalas and Jewitt [1995] observed  Pictoris in R band with a 2.2 m telescope
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log-scaled Reduced STIS Image (2012)

25 arcsec
—_——

- 500 AU

Figure 1.2: Left: the historical image of the 8 Pictoris circumstellar disk obtained by Smith
and Terrile [1984] in optical light, with a 2.5 meter telescope and a coronagraph. Right panel:
a more recent image, obtained in 2012 with STIS, on-board Hubble, and presented in Apai
et al. [2015]. In both images, North is up, East is left.

and a coronagraph. They reported a total of 5 different asymmetries, consistently observed in
their images: a size asymmetry, the NE size of the disk being more extended than the SW side;
a brightness asymmetry, with the NE side brighter than the SW side; a width asymmetry,
with the SW side becoming larger than the NE side beyond 7 as (arcsecond); a butterfly
asymietry, which is a more complex axial asymmetry around the mid-plane; and a wing-tilt
asymmetry, with a 1.3 deg offset between the two sides of the disk. They suggested that the
wing-tilt asymmetry was due to the fact that the disk was not seen exactly edge-on from the
Earth, but with a slight tilt of ~ 2 to 4 degrees. But the other asymmetries could not be
explained by any effect other than intrinsic asymmetries of the disk structure. The butterfly
asymmetry was explained ten years later, with the discovery of a secondary disk inclined by
5 degrees with respect to the primary disk [Golimowski et al., 2006].

A set of three planetesimal belts, located at approximately 6, 16, and 30 AU were found
by Okamoto et al. [2004], and another larger one at 90 AU was later found by Wilner et al.
[2011]. These belts are thought to act as reservoirs, continuously enriching the disk in gas
and dust, and are thus arguably the main structuring elements. Some of these planetesimal
belts also seem to be co-located, or at least very close to, the dust rings found by Wahhaj
et al. [2003] (at 14, 28, 52, and 92 AU). Although the 52 AU ring does not seem to have a
planetesimal belt counterpart, Telesco et al. [2005] reported observations of a dust clump on
the SW side, at the same radial distance. They suggested that this large clump could either
be due to the grinding of a group of planetesimals resonantly trapped, or the consequence
of a cataclysmic breakup of planetesimals. In either case, the clump seems to indicate the
presence of planetesimals at ~ 50 AU, even though no belt was reported by Okamoto et al.
The presence of this bright clump of dust particles on the SW side can also explain the
brightness asymmetry initially reported in Kalas and Jewitt [1995].

The location of the giant planet § Pictoris b, determined via an extensive orbital survey,
is somewhere in between the 6 and 16 AU belts, the best estimate for the semi major-axis
being ~ 10 AU [Lagrange et al., 2019]. The presence of a planet between the 6 and 16 AU
belts was actually already suggested by Okamoto et al. in their 2004 paper (see Figure 1.3).

More recently, Matra et al. [2019] found that the external Kuiper belt at ~ 100 AU was



10 CHAPTER 1. THE BETA PICTORIS STELLAR SYSTEM

Central star

Planetesimal belts

Figure 1.3: A depiction of the three inner planetary belts around § Pictoris, with a suggested
planet orbiting between the first and second belts. The giant planet 5 Pic b was not known
at the time, although the general structure of the disk was highly suggestive of the existence
of such planets. The planet was discovered a few years later, and its semi major-axis was
estimated to be ~ 10 AU, in perfect agreement with the general structure shown here. Figure
taken from Okamoto et al. [2004].

actually made of two different populations of objects, with different orbital inclinations. They
reported the discovery of a “dynamically hot” population with an inclination of ~ 8.9°, and a
“dynamically cold” population, with an inclination of ~ 1.1°.

1.3.3 Dust in the disk

The disk orbiting around ( Pictoris is known to be a debris-disk, in which planetesimal
collisions is the main source of dust. In fact, according to Wilner et al. [2011], the outer belt,
located at ~ 90 AU is the main reservoir of dust.

In a debris disk, the dynamics of the dust is constrained by a few mechanisms. Dust is
produced through a collision cascade in planetesimal belts: collisions between large objects
create smaller objects which collide to create even smaller debris, etc. The size distribution
resulting from such a cascade has been shown to follow a power-law:

p(D) x D~

with p(D) the density of particles of size D.

The evolution of a dust particle is mainly governed by two different forces: the gravita-
tional force from the central star, and the radiation pressure. The radiation pressure can be
further subdivided in two components with opposing effects: the radial component of radia-
tion pressure tends to push the particles out of the system, whereas the tangential component
tends to brake the particles, and thus to drive them inward into the system. This tangen-
tial part of radiation pressure is known as Poynting-Robertson drag (PR drag), and can be
intuitively understood as the result of the dust particle moving into the photon flow: from
the particle’s point of view, light from the star is coming slightly from the forward direction,
effectively creating a drag.
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For a particle of typical size D orbiting at a distance R from the star, the gravitational
force is given by:

7GM,pD?

Fgrav = 6R2

with G the gravitational constant, M, the mass of the central star, and p the density of the
grain material.

Assuming that the grains perfectly absorb the light coming from the star, radiation pres-
sure is given by:

L,D?

Fog= 22
rad = 6 R2¢

with L, the bolometric luminosity of the central star, in Watts, and ¢ the speed of light.
The ratio between those two forces is usually denoted . It is independent of the orbital
distance R, and given by:

Fraa 6L Ly M, ! —1p1—1
b Fgrav 16mGeM, Dp . (LQ) (MG) e

with A ~ 1.1 x 1072 m?s—2kg .
Depending on the value of its associated parameter 8, a dust particle can have three
different behaviors:

e if 5 > 0.5, the particle is blown out of the system?.

e if B < 0.5, the particle remains on a bound orbit, although the effective gravitational
potential felt by the particle is reduced (multiplied by a factor 1 — 5 < 1 compared to
the normal case without radiation pressure). If the particle results from a collision in a
planetesimal belt, it will move to an eccentric orbit, with a perihelion located somewhere
in the belt. PR drag will then tend to circularize its orbit, while at the same time make
it fall inward.

e for f < 1 (large grains), the radiation pressure is negligible compared to the gravita-
tional force. These particles follow traditional Keplerian orbits. If the particle is created
from collisions in a planetesimal belt, it will stay in the belt.

Assuming a typical dust density p = 2500 gm~3 (silicate grains), in the 8 Pic system
where L, ~ 9 Lo and M, ~ 1.7 Mg, the critical size below which a particle is blown away
by radiation pressure is ~ 2 um. Depending on the exact density and optical properties of
the grains, this critical size might vary significantly, but we can still expect all grains of size
< 0.1 pm to be blown out of the system.

Despite this general theoretical understanding of how the dust behaves in a disk, it is
very difficult to obtain observational confirmations. Grains of different sizes tend to radiate

It may seem counter-intuitive that the limiting value is 0.5 and not 1. But this is because the initial
conditions must be taken into account. A particle initially at rest would indeed be blown away for 5 > 1,
and would fall on the star for 5 < 1. But if the particle is created by a collision between two planetesimals in
a belt, its initial velocity is the Keplerian velocity of said planetesimals (the collisional velocity is negligible
compared to orbital velocities). The belt being in a circular orbit, if we denote R its distance to the central
star, then the orbital velocity is vorb = \/GM, /R, whereas the escape velocity at the same distance R is
Vese = \/2GM/R. After the collision, the dust particle of given parameter § is moving at vorb, but because
of the radiation pressure, the gravitational potential it feels is reduced. The escape velocity of this particle is
now vesc = v/2(1 — B)GM, /R, hence the threshold at 8 = 0.5.
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at different temperatures, and thus in different parts of the spectrum. This thermal emission
adds to the scattered emission, and so far it proved very difficult to correctly predict both
emissions [Ballering et al., 2016|. The presence of multiple planetesimal belts also tend to blur
the situation. But some attempts were made to try to build a model of the dust distribution
and the associated emission in the S Pic system (see Ahmic et al. [2009], Ballering et al.
[2016]). The situation in the inner part of the system, were warm dust has been detected in
mid-infrared and hot dust in the near-infrared [Chen et al., 2007, Li et al., 2012, Defrére et al.,
2012] is even more complicated to study observationally, because it often remains unresolved
by our instruments.

Different minerals have been identified in the § Pictoris disk. Observing the disk in the
mid-infrared, Li et al. [2012] noted the presence of two components within the first 5 to 10 AU
of the disk: glassy olivine and crystalline forsterite. Small grains of olivine (~ 0.1 ym) were
observed on the two sides of the star, but not in the central part, while 2 pm grains were found
in the central part. This was already noted by Okamoto et al. [2004], who suggested that
this was indicative of the presence of a belt at 6 AU, which would be the origin of the glassy
olivine. In this scenario, small particles are ejected out of the belt, while bigger particles
spiral inward, creating the observed distribution. Li et al. [2012] confirmed that this was a
plausible scenario, although not the only one. They also suggested alteration and destruction
of the dust grains by sublimation as a possible explanation to some of the observed structures.
They show that smaller grains of olivine tend to reach higher temperatures when exposed to
stellar radiation, thus making them more susceptible to destruction in the inner part of the
system. This can potentially create a deficit of small grains, leading to a similar distribution
as the planetesimal belt scenario.

Trying to model the dust in the outer parts of the system, Ballering et al. [2016] found a
quite different composition, with a large amount of silicates and astronomical organics, and
small amounts of water ice.

1.3.4 Gas disk

Observations of CO in the disk around 8 Pic [Dent et al., 2014] have shown that gas is contin-
uously being produced in the system, as the lifetime of CO (< 150 yr) is much smaller than
the age of the system (~ 20 Myr). Most of the gas which is observed today probably comes
from planetesimal collisions, photo-desorption, or other phenomena continuously creating it.
In fact, in their observations performed with ALMA, Dent et al. [2014] found a rather peculiar
distribution of CO, with a large clump located on the SW side of the disk, which could be a
sign of a recent cataclysmic collision (see Figure 1.4).

The disk around 8 Pic is seen almost edge on, which makes possible to observe the gas in
absorption spectroscopy. Many different species have been found using this technique, and we
know today that the gas contains C, O, Na, Mg, Al, Si, S, Ca, Cr, Mn, Fe, Ni [Roberge et al.,
2006]. But this is extremely puzzling, as some of those elements (like Na) are very sensitive
to radiation pressure, and should be blown out of the system too quickly to reach observable
concentrations. Yet Olofsson et al. [2001] found Na I in Keplerian orbit around (3 Pic.

The question of how metals could stay long enough to reach observable quantities in the
B Pic system has been a long-standing question. The most widely accepted explanation is
that these metals are subjected to another force which adds to gravity and radiation pressure:
Coulomb forces between gaseous ions and neutral atoms [Roberge et al., 2006, Fernandez
et al., 2006]. Some elements, like C and O are much less sensitive to radiation pressure. An
overabundance of carbon, ionized by the stellar radiation (observations of ionized carbon are
reported in Cataldi et al. [2014]), can effectively create an ionized disk which brake metallic
elements and keep them in the system.
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Figure 1.4: Two possible distributions of the CO gas detected with ALMA, and de-projected
assuming Keplerian circular orbital motion. The left-hand panel shows a distribution with
two clumps on opposite sides of the star, indicative of a resonance trapping mechanism with a
giant planet other than § Pic b. The right-hand panel shows the second possible distribution,
with only one clump, resulting from the cataclysmic collision of Mars-sized objects. Figure
taken from Dent et al. [2014]

Contrary to what was suggested by Roberge et al. [2006], it has been shown that C is
not the only element which seems to be overabundant in the disk. Using the Hershel space
telescope, Brandeker et al. [2016] observed Oxygen around § Pic and although they could not
provide a reliable estimate of the C/O ratio, they noted that it is present in large quantities.
Oxygen is also only weakly affected by radiation pressure [Fernandez et al., 2006], and its
presence in ionized forms can also participate to the braking of metallic elements.

To explain this apparent overabundance of C and O, Xie et al. [2013] introduced two hy-
potheses: preferential production of these two elements (for example if most of the gas comes
from the release of CO gas by solid bodies, see Kral et al. [2016]) or preferential depletion,
because other metallic elements can still be blown away more quickly by the radiation pres-
sure. An interesting argument in favor of the preferential production mechanism came from
observations with the Hubble Space Telescope reported in Wilson et al. [2019]. Using the
Cosmic Origin Spectrograph, they detected N gas, and estimated it to be in roughly Solar
abundance. Since N is also very weakly affected by radiation pressure, if the overabundance of
C and O is explained by a preferential depletion mechanism, N should also be overabundant,
which it is not.

In the same study, Wilson et al. also noticed that the N gas does not seem to be falling
onto the star, contrary to what they observed when looking at hydrogen gas (see Wilson et al.
[2017]). To explain this difference, they suggested that the gas was produced in the inner
system by the two different populations of comets reported in Kiefer et al. [2014]: in this
scenario, N gas is mainly produced by comets S, and H gas by comets D (see after).

1.3.5 The inner system

The fact that the circumstellar disk is seen almost edge-on around S Pic makes it much easier
to observe the inner part (< 1 AU) by absorption spectroscopy. Early-on, high-resolution
spectroscopic observations revealed the presence of transient changes in the red wing of the
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Figure 1.5: Spectrum of 8 Pictoris in the Ca 11 K-line (left), and Ca 11 H-line (right), showing
transient events. The red line represent the spectrum obtained when transient event are
subtracted (circumstellar disk only), and the black line represent the spectrum obtained with
transient events. Figure taken from Kiefer et al. [2014]

Ca K line (see Figure 2.2 for an example of a spectrum), which were interpreted as the presence
of kilometer sized bodies falling towards the star: the so-called “falling evaporating bodies”
[Beust and Lissauer, 1994, Beust et al., 1996]. Transient events in the blue wing of the line
were also discovered a few years later [Crawford et al., 1998|, which were again interpreted as
another population of comets falling onto the star.

It was shown by Kiefer et al. [2014] that two populations of transiting exocomets were
coexisting in the inner 8 Pictoris system. Some comets share very similar orbits, with pe-
riastron at ~ 0.15 AU, and constitute the population “D”, which most resemble the Kreutz
family of comets in our own Solar System. The other population “S” is made of bodies with
periastron < 0.1 AU, spread over a large interval of longitudes. Kiefer et al. suggested that
the population “S” could be made of exocomets trapped in a mean motion resonance by 3 Pic
b, and which could have slowly evolved to highly eccentric orbits. This scenario is supported
by the lower evaporation rate observed for this population, a result of exhaustion by numerous
passes at perihelion.

These falling evaporating bodies appear to be mainly composed of an icy core surrounded
by a refractory crust [Karmann et al., 2001]. They clearly seem to be the main component
driving the dynamics of the inner system, as they provide a source of constant gas enrichment
(Vidal-Madjar et al. [2017], Wilson et al. [2017, 2019], Kiefer et al. [2019]).

One last component which has been detected in the inner system is hot dust, radiating at
a temperature of 1500 K, seen via long-baseline interferometry in the H band [Defrére et al.,
2012].

1.4 Discovery and long-term monitoring of beta Pic b

1.4.1 Multiple hints from the disk structure

After the initial discovery of the circumstellar disk around S Pic, it rapidly became clear that
many of the observed structures and morphological asymmetries could be explained by the
presence of a planetary system. Golimowski et al. [1993], Lagage and Pantin [1994], Kalas
and Jewitt [1995] all reported anomalies in the shape of the disk, which could be linked to
the presence of a planet, and Roques et al. [1994|, Lazzaro et al. [1994], Mouillet et al. [1997]
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Figure 1.6: Potential planets proposed by Freistetter et al. [2007] to explain some of the
asymmetries seen in the f Pic disk (“Planet” dots). The gray area is the locus excluded
by radial velocity measurements available at the time [Galland et al., 2006]. The black line
corresponds to the planet suggested in Mouillet et al. [1997], while the gray dot was suggested
in Beust and Morbidelli [2000] to explain the falling evaporating bodies. For comparison, a
“Beta Pic b” dot has been added here which corresponds to the best estimate for 5 Pic b (semi
major-axis from Lagrange et al. [2019], and mass from Snellen and Brown [2018]). Original
figure from Freistetter et al. [2007].

started to investigate the hypothesis from a modeling perspective. Mouillet et al. suggested
the presence of a giant planet (up to 10 My,p) located below 20 AU.

But asymmetries in the disk were not the only elements indicative of the presence of a
potential planet. Lecavelier Des Etangs et al. [1995] reported observations of variations in the
photometry of 3 Pictoris, and suggested that this could be explained either be a transiting
dust cloud |Lamers et al., 1997|, or a transiting planet |Lecavelier Des Etangs et al., 1997|.

After more than two decades of study, no planet was found in the 8 Pic disk, but evidence
for the presence of a planetary system were pilling up. Heap et al. [2000], Wahhaj et al. [2003],
Telesco et al. [2005] uncovered new asymmetries and structures, and Freistetter et al. [2007]
proposed a model explaining several of them, as well as the presence of falling evaporating
bodies, under the assumption that at least one planet of a few Jupiter masses was orbiting g
Pic at ~ 12 AU. They also suggested that two other smaller planets were hiding at greater
distances from the star (see Figure 1.6).

1.4.2 High-contrast observations and confirmation

It is often the case in Astronomy that new instrumental technologies bring new discoveries.
Exoplanet science and debris disk study are certainly no exception. With the advent of
Adaptive Optics (AO) in the 1990s, and its rapid progress during the 2000s, it became possible
to observe faint targets at high resolution. Combined with coronagraphic instruments, this
technology also made possible to reach extremely high-contrast, enabling the detection of
faint companions to bright stars.

Lagrange et al. [2009a| reported on observations acquired in 2003 with NAOS-CONICA
(NaCo) on the Very Large Telescope, in which a faint point-like source was detected, close
to 8 Pictoris (Figure 1.7). In this initial publication, Lagrange et al. could not definitely
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Figure 1.7: First image of the giant planet 8 Pictoris b obtained with NAOS-CONICA on
the VLT, in 2003. The upper-left panel shows the image of g Pic obtained in L’ band. The
upper-right panel is a calibrator (HR 2435). The lower-left image is the divided image (8 Pic
divided by HR 2435), and the lower-right is a subtracted image (5 Pic minus HR 2435, with
a scaling factor applied to HR 2435). Figure taken from Lagrange et al. [2009a)].

rule out a possible instrumental contamination or a background source, and new observations
in 2009 did not show any point-source close to § Pic [Lagrange et al., 2009b]. But in 2010,
the planet candidate reappeared on the other side of the star, in agreement with a Keplerian
motion, and this confirmed that it was really a bound object [Lagrange et al., 2010].

1.4.3 Monitoring and orbit determination

After its discovery and confirmation, the giant planet S Pictoris b became the target of
an extensive monitoring to characterize its orbital motion. Since it had been suggested by
Lecavelier Des Etangs and Vidal-Madjar [2009] that S Pic b could be a transiting planet, a
key question quickly became: will it transit again, and when?

A transit of 8 Pic b in front of its bright host star would be extremely valuable to determine
its exact size, as well as to study its Hill sphere. Lecavelier des Etangs and Vidal-Madjar [2016]
showed that two families of orbits were compatible with the measurements obtained on 3 Pic
b and a transit in 1981. The planet could be on a 36 yr low-eccentricity, or on an 18 yr
high-eccentricity (0.3) orbit, respectively leading to a new transit in early 2017 or 2018. But
soon after, new measurements obtained with the Gemini Planet Imager (GPI, Macintosh et al.
[2014]) strongly disfavored the hypothesis of a transit of 5 Pic b [Wang et al., 2016]. A transit
of the planet’s Hill sphere, though, is still possible. In fact, Wang et al. predicted a transit
of the Hill sphere, starting in 2017, and ending in 2018 (see Figure 1.8).

This prediction sparked the interest of the exoplanet community, and triggered a large
international campaign to monitor the star during the 2017-2018 period. The work presented
in Part II of this manuscript was part of this campaign.
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Figure 1.8: Results of a Monte-Carlo simulation showing the posterior distributions of the
seven orbital parameters (including the mass of the central star), as well as the predicted
dates for the transit events. Figure taken from Wang et al. [2016].
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1.5 Atmosphere, physical characteristics, and formation of
Pictoris b

1.5.1 Model-dependent estimates of bulk parameters

Marley et al. [2007] and Fortney et al. [2008] showed that the two widely accepted possible
formation mechanisms for giant planets (“hot start” and “cold start”) should lead to different
evolution scenarios during the first few ~ 10 Myr of the life of said planets. This made
apparent that the measurements of bulk parameters, like temperature, mass, and radius,
could be used to determine by which mechanism a planet had formed. And although it was
obvious that this was not an easy task, as there were still a lot of uncertainties affecting
planetary evolution models, it brought considerable interest in the measurement of these
parameters.

A number of studies have been performed to try to estimate some of the most important
bulk parameters of the giant planet 8 Pic b. The general methodology behind all these studies
is similar: photometric data in different wavebands and/or spectra of the planet are compared
to atmospheric models, most commonly using model grids and a x? based approach. Given
a certain set of photometric and/or spectral data points ydatak,k € {1,...,n}, with there
associated error bars o, and a model ymodelx Which usually depends on temperature T,
surface gravity g, metallicity m, and possibly some other parameters, a x? grid is calculated
as following:

n 2
Z(ydt 1Y dl,l)

Xz(Tiagj,mk) — ata Ulzmo e
=0

where the indices ¢, 7, and k are used to represent the model grid sampling. From this, the
minimum of the x? can be extracted, as well as the area of 68% confidence, to give the best
estimate of the parameters and their error bars.

Quanz et al. [2010] used a different approach, in which they directly compared a color
magnitude (I’ minus a narrow band at 4.05 pum) with evolutionary models. They reported
the first estimate of the temperature of 8 Pic b: T ~ 1470 K. With another approach, in which
they compared the color magnitude to empirical data from field brown dwarfs, they found
T ~ 1700 K. Given their uncertainties, the two results were not necessarily incompatible.

Bonnefoy et al. [2011] also used a color magnitude (Kg — L), but they compared it to
atmospheric models rather than evolutionary models. They obtained 7' = 1600 4+ 300 K, but
could not constrain the surface gravity. Two years later, however, improving on the number of
datapoints in their analysis, Bonnefoy et al. [2013] provided the first estimate of the surface
gravity on 8 Pic b: log(g/go) = 4.0 + 0.5, with an improved temperature estimate 7' =
1700 £ 100 K

When using atmospheric models, the surface gravity is an important parameter, as it is
related to the pressure and temperature in the atmosphere. Changing the surface gravity can
affect the resulting atmospheric spectrum, which also means that it can be well constrained
by the model fitting. The surface gravity is given by:

M

9= 1nR?

which means that from the radius and surface gravity, it is also possible to extract an estimate
of the mass of the planet.

Now, considering that an atmospheric model predicts the spectral emittance, not total
luminosity, if the spectral shape can help to constrain the temperature and surface gravity,
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Reference Temperature log(g/go) Radius Mass Model used
K RJup M.]up
1600 £ 300 - - - BT
Bonnefoy et al. [2011] . ) i 7o 11 Evo. Track
1700 £ 100 4.0+£0.5 1.4+£0.2 - PHX
Bonnefoy et al. [2013] i i 10+2 Evo. Track
Currie et al. [2013] 1575 to 1600 3.8 +0.2 1.654+0.06 773 DUSTY
1650 £ 150 <47 1.5+0.2 - PHX
Bonnefoy et al. [2014] ) ) 112403 Evo. Track
Morzinski et al. [2015] 1708 £ 23 4.2 1.45+0.02 12.7+0.3 Evo. Track
Baudino et al. [2015] 1550 £ 150 3.5+£1.0 1.76 £0.24 - ExoREM
. 1600 to 1700 3.5 to 4.5 - - BT
Chilcote et al. [2015] i i i 10 to 12 Evo. Track
. 1724 £ 15 418 4+0.01 1.464+0.01 129+0.2 Evo. Track
Chilcote et al. [2017] 70001500 35 t0 4.0 - . DUSTY, BT, PHX

BT: BT-SETTL; PHX: PHOENIX; DUSTY: AMES-DUSTY; Evo. Track: Evolutionary Track

Table 1.2: Estimates of the main parameters for 8 Pictoris b available in the literature.

the absolute photometry can constrain the surface of the planet, and hence its radius. Thus,
it is possible to derive a mass estimate purely from atmospheric model fitting.

Following this approach, and using different datasets, Currie et al. [2013]| obtained the
following parameters: T = 1575 to 1600 K, log(g/g0) = 3.8 £ 0.2, R = 1.65 4+ 0.06 Ryyp, and
M =75 My,

Bonnefoy et al. [2014], Baudino et al. [2015], Chilcote et al. [2015, 2017] all reported other
estimates of the temperature, surface gravity, radius and mass of the planet. These values are
compiled in Table 1.2.

1.5.2 A model-independent measurement of the mass?

All the different mass estimates reported in Table 1.2 depend either on a radius and surface
gravity estimated using atmospheric modeling, or on a planetary evolution model. In either
case, this makes these estimates model-dependent.

In the case of § Pictoris b, there is only one parameter which was estimated using a
model-independent methodology: its mass. It was measured by Snellen and Brown [2018]
using astrometric measurements made with the Hipparcos and Gaia missions. If we denote
Mp the mass of the planet 8 Pic b, M, the mass of the star, a the semi major-axis, and
assuming a zero-eccentricity (circular orbit), and 90 degree inclination, the on-sky motion of
the star and planet are given by:

{a*(t) = — 5 sin (PA) x 2% x a x cos (274 + §)

8,:(t) = —1 cos (PA) x M*]Y;{*MP X ax cos (215 + ¢)

{ap(t) = 5 sin (PA) x 37245 X a x cos (275 + ¢)
6p(t) = Fcos(PA) x #FJ’WP X a x cos (2m5 + ¢)

Where D is the distance of the star, PA is the position angle of the planet (which does not
vary since the system is seen edge-on), P the orbital period, and ¢ and unknown phase at
the origin of time. To this motion, one should also add the system barycenter motion, and
the parallax effect to get the true on-sky displacement as seen from the Earth. A non zero