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ABSTRACT

Since the discovery of the very first planetary mass companion around a
pulsar star (Wolszczan & Frail 1992) and shortly after around stars similar
to our Sun (51 Peg, Mayor & Queloz 1995), many steps have been done
in exoplanet science. This lead to a rapidly growing sample of detected
planets: the minimum mass of the companions is decreasing fast, and is
now close to the Earth mass.

New and more precise instruments have been built and many other
are planned.

The final goal is the discovery of earth twins and, ultimately, traces of
exosolar life.

As learnt with the discovery of 51 Peg, about fifteen years ago, obser-
vations often open new question about how the discovered planets can
form and survive, ending in the needs of more sophisticated theories to
address these items.

Many statistical studies have been done using information coming
from more than a decade of extensive searches for exoplanets, trying to
answer questions either related to the distribution of the properties of
those objects, such as the mass, orbital period and eccentricity (Lineweaver
& Grether 2003; Cumming et al. 2008) as well as about the relevance of
the host star characteristics (mass, metallicity) on the final frequency and
distribution of planetary systems (see Fischer & Valenti 2005; Santos et al.
2004b; Johnson et al. 2007). Since the most successful techniques (radial
velocity and transit) have focused on the inner (< 5AU) environment of
main sequence solar-type stars, most of the available information on the
frequency of planets concern this kind of targets.

However, a clear determination of the frequency of giant planets as a
function of orbital separation out to hundreds AU is a crucial issue to clar-
ify the relative importance of various models of planet formation and mi-
gration. Formation through core accretion is, as example, strongly depen-
dent on the surface density of solid material in the protoplanetary disk.
Formation of Jupiter mass planets becomes increasingly less efficient as
the density of planetesimals decreases, highly increasing the formation
timescales. However even in a scenario in which giant planets form only
close to the snow-line in the protoplanetary disk, a significant fraction of
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massive planets might be found on stable orbits of tents of AU. This can
be possible because of outward migration (see Veras & Armitage 2004),
which can be induced both by gravitational interaction between massive
objects in multiplanetary systems, and by interactions between the planet
and gaseous disks. Alternative models of planet formation (disk instabil-
ity, disk fragmentation) are efficient mostly at wide separations from the
central star.

Direct imaging is currently the most viable technique to probe for plan-
ets at large separations, providing clues on their frequency. In fact recent
discoveries of young distant planetary mass objects with this technique
(see e. g. Kalas et al. 2008; Lagrange et al. 2008) are nowadays giving us
a first hint on the potential of the direct detections in the exploration the
outer region of the planetary systems.

These partially unexpected new detection also raised many questions
about how such objects could form (see Absil & Mawet 2009).

Besides the few detections, there is anyway a wealth of data that can
be used to put constraints on the frequency of planets in wide orbits. In
addition there are many new instruments planned for the next future
specially designed for imaging of exoplanets, like the Gemini Planet Im-
ager (GPI: Macintosh et al. 2007) and VLT /SPHERE (Spectro-Polarimetric
High-contrast Exoplanet REsearch: Beuzit et al. 2008). These instruments
will likely allow us to extend such systematic characterization at larger
scales (> 10AU).

Due to practical limitations (inner working angle, best contrast achiev-
able), these instrument will focus on warm giant planets, on orbits far
away from their stars, preparing the path for the ELTs facilities. It is in
fact becoming clear that with 30-40 meter-class telescopes a wide range
of planetary masses and separations will be explored, down to the rocky
planets (and, in very favorable cases even reaching the habitable zone),
finally allowing an overlap between the discovery spaces of direct and
indirect techniques.

In this context it is useful and crucial to have a tool which goals are
either to learn as much as possible from the available data and to pre-
dict the performances of the forthcoming instruments. This tool may be
used not only to estimate the number of expected detections, but also to
tigure out what will be the explored parameter space and even the pos-
sible synergies between different discovery techniques. This is crucial to
properly design such instruments as well as to plan the most appropriate
observing programs.
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Kasper et al. (2007), Lafreniére et al. (2007), Nielsen et al. (2008), Nielsen
& Close (2009) have initiated a statistical analysis to constrain the physical
and orbital properties (mass, period, eccentricity distributions) of a giant
planet population. They developed statistical analysis tools to exploit the
performances of deep imaging surveys. They tested the consistency of
various sets of parametric distributions of planet parameters, using the
specific case of a null detection. The first assumption of these tools is that
planet mass, eccentricity and period distributions coming from the statis-
tical results of RV studies at short period (see e.g. Lineweaver & Grether
2003; Cumming et al. 2008) can be extrapolated and normalized to obtain
informations on more distant planets. Despite the model-dependency on
the mass predictions, the approach is attractive for exploiting the com-
plete set of detection performances of the survey and characterizing the
outer portions of exo-planetary systems.

With all of this in mind, we tried to go a step further, creating a Multi-
purpose Exo-planet Simulation System (hereafter MESS).

The MESS algorithm is based on three fundamental steps: first, a syn-
thetic planet population is produced, either using the results of the statis-
tical analysis of the properties of the discovered planets or the results of
the planet formation theories. Then the physical parameters of these plan-
ets are determined, and this allow deriving the expected values for the
observables (radial velocity signature, astrometric signal, expected sep-
aration and contrast. Finally, these expected values for the observables
are compared with the predicted capabilities of existing or planned in-
struments. This last step allows defining a sample of fully characterized
detectable planets, which characteristics can be easily investigated. This
means, in the case of planned instruments, that using MESS it will be
possible to tune not only the main instrument parameter, but even the
observing strategy.

The main strength of the code is that it's completely independent from
the kind of instrument/technique one wants to test and also from any
evolutionary model used to estimate the planet intrinsic flux. Neither the
detectability relations nor the evolutionary models are directly included
into the code, but both are given as inputs. Moreover, the Monte Carlo
simulation provide both all orbital elements and all the physical parame-
ters of the planets (radius, temperature, luminosity, etc.), then it’s easy to
evaluate any kind of observable parameter (Contrast, RV semi-amplitude,
transit probability, astrometric signature) and, given a detectability rela-
tion, end with a set of planets detectable by the chosen facility. Since the

vii



characteristics of the detectable objects could also be easily investigated,
in the case of planned instruments it’s possible use MESS to tune not only
the main instrument parameter, but even the observing strategy.

In addition to that, the use of a real sample of stars allows us to make
a case by case analysis, taking into account the properties of each star and
how they affect either the characteristics of the planets or the instrument
capabilities.

The aim of this thesis is to present the code itself and all the results
obtained with its use, and it’s organized as follows:

Part I includes a brief overview of the current knowledge of exosolar
planets and it is divided into two parts:

Chapter 1 reviews the planet formation mechanisms in different envi-
ronments and the impact of the host star properties (stellar mass, metal-
licity, presence of a companion) on the planet formation;

Chapter 2 analyzes the properties of the planets which are important
from a detection point of view (mostly focusing on the imaging tech-
nique);

Part II presents an update of the work on the frequency of planets
in binaries done by (Bonavita & Desidera 2007), which analyzes in detail
the differences in the planet frequency due to the presence of a stellar
companion.

Part III gives a detailed description of the code, of its different opera-
tion modes and of all the assumptions on which it is based, together with
some examples of the output synthetic planet populations obtained.

Part IV includes the description of the application of MESS for the
analysis of real data.

Two different cases are discussed: the case of an extended sample
of objects coming from the VLT/NACO deep imaging survey of young,
nearby austral stars (Chapter 5), and the application to a data set that
belongs to the deep imaging observation of an individual object with
peculiar characteristics: the T-Tauri star LkCa15 (Chapter 6 )

Part V presents the results of the extensive use of MESS for the predic-
tion of the detection capabilities of future instruments, either in construc-
tion or proposed for the next future.

It includes Chapter 7 which focuses on SPHERE, the next generation
VLT planet finder, and Chapter 8 that concerns EPICS, the planned planet
finder for the European Extremely Large Telescope.

Then in Chapter 9, as an ideal conclusion of this part, we present a dis-
cussion based on the comparison of the expected detections of different
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direct imaging facilities, both from ground and in space. This allows an
analysis of the overlap of the discovery space of the different techniques,
in a context where the synergy between them will be the key for a com-
plete characterization of the planetary systems.

Part VI finally summarizes the conclusions and future perspectives of
the work.
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RIASSUNTO

A partire dalla scoperta del primio compagno di massa planetaria attorno
ad una pulsar (Wolszczan & Frail 1992) e quella, poco tempo dopo, at-
torno ad una stella simile al nostro Sole (51 Peg, Mayor & Queloz 1995),
numerosi passi avanti sono stati compiuti nello studio dei pianeti extra-
solari. Cid ha portato alla rapida crescita del campione rapidamente di
pianeti rivelati, insieme con la progressiva diminuzione della massa min-
ima dei compagni rivelati, che & ora vicina a quella della Terra.

Nel corso degli anni sono stati costruiti strumenti nuovi e sempre piu’
precisi e molti altri sono in previsione.

Lo scopo finale & quello della scoperta di pianeti gemelli della Terra e,
infine, delle tracce di vita al di fuori del nostro pianeta.

Con la scoperta di 51 Peg, circa quindici anni fa, si € imparato come le
osservazioni aprano spesso nuovi dubbi riguardo a come i pianeti scop-
erti si siano formati e come siano sopravvissuti, concludendosi con la
necessita di sviluppare teorie piut sofisticate per affrontare tali questioni.

Grazie alle informazioni provenienti da pit di un decennio di ricerca
di pianeti estrasolari sono stati eseguiti numerosi studi statistici per cer-
care di rispondere alle domande sia correlate alla distribuzione delle
proprieta di questi oggetti, come massa, periodo orbitale ed eccentricita
(Lineweaver & Grether 2003; Cumming et al. 2008) come pure quelle
riguardanti le caratteristiche delle stelle ospitanti (massa, metallicita) sulla
frequenza e distribuzione finale dei sistemi planetari (see Fischer & Valenti
2005; Santos et al. 2004b; Johnson et al. 2007). Poiché le tecniche mag-
gior successo (velocita radiali e transiti) si sono focalizzate sull’ambiente
interno (< 5UA) dei sistemi planetari formati attorno a stelle di tipo so-
lare, gran parte delle informazioni disponibili sulla frequenza di pianeti
riguardano questo tipo di target.

In ogni caso una chiara determinazione sulla frequenza dei pianeti
giganti in funzione della separazione orbitale maggiore di centinaia di
UA ¢ un risultato cruciale per chiarire 'importanza relativa di vari mod-
elli di formazione e migrazione planetaria. La formazione attraverso
'accrescimento del nucleo ¢, per esempio, fortemente dipendente dalla
densita superficiale del materiale solido nel disco protoplanetario. La for-
mazione di pianeti della massa di Giove diventa sempre meno efficiente
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con la diminuzione della densita dei planetesimi che aumenta notevol-
mente i tempi-scala di formazione. In ogni caso perfino in uno scenario
in cui i pianeti giganti si formano solo vicini alla snow-line nel disco pro-
toplanetario, si puo trovare una frazione significativa di pianeti massivi
su orbite stabili di decine di UA. Questo e possibile grazie alla migrazione
verso 'esterno (si veda Veras & Armitage 2004), che puo essere indotta
sia da interazione gravitazionale tra oggetti massicci in sistemi multiplan-
etari, che dalle interazioni tra pianeta e il gas del disco. Modelli alternativi
di formazione planetaria (instabilita del disco, frammentazione del disco)
sono efficienti in gran parte ad ampie separazioni dalla stella centrale.

L'imaging diretto € al momento la tecnica piu fattibile per indagare
pianeti a grandi separazioni, fornendo indizi sulla loro frequenza. Re-
centi scoperte di oggetti giovani e distanti di massa planetaria eseguite
con questa tecnica (si veda ad esempio Kalas et al. 2008; Lagrange et al.
2008) forniscono al giorno d’oggi un primo suggerimento sulle poten-
zialita della rivelazione diretta nell’esplorazione della regione esterna dei
sistemi planetari.

Queste rivelazioni parzialmente inaspettate fanno sorgere anche molte
questioni riguardanti a come tali oggetti si possano formare (si veda Absil
& Mawet 2009).

Oltre alle poche rivelazioni, ¢’e¢ comunque una grande quantita di dati
che possono essere utilizzati per fissare limiti alla frequenza dei pianeti
in orbite larghe. Oltre a questo sono in progetto molti nuovi strumenti
per il prossimo futuro specificamente disegnati per I'imaging di pianeti
extrasolari, come il Gemini Planet Imager (GPI: Macintosh et al. 2007)
e VLT/SPHERE (Spectro-Polarimetric High-contrast Exoplanet REsearch:
Beuzit et al. 2008). Questi strumenti ci permetteranno probabilmente di
estendere tale caratterizzazione sistematica a grandi scale (> 10UA).

A causa delle limitazioni pratiche (inner working angle, miglior con-
trasto ottenibile), questi strumenti si focalizzeranno su pianeti caldi gi-
ganti, su orbite molto lontane dalle loro stelle, spianando la strada alle
capacita di ELT. Sta diventando chiaro infatti che con telescopi di classe
30-40 metri sara possibile esplorare un ampio intervallo di masse e sep-
arazioni planetarie, fino ai pianeti rocciosi (e, in casi molto favorevoli
raggiungere anche la zona abitabile), permettendo infine una sovrappo-
sizione tra i diversi spazi di scoperta delle tecniche dirette ed indirette.

In questo contesto sara utile e cruciale disporre di uno strumento i cui
scopi saranno sia comprendere il piti possibile dai dati gidisponibili che
prevedere le prestazioni delle future strumentazioni. Questo strumento
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potrebbe essere usato non solo per stimare il numero previsto di rive-
lazioni, ma anche di capire quale sara lo spazio dei parametri esplorato e
anche le possibili sinergie tra le differenti tecniche di scoperta. Cio sara
cruciale per permettere di miglioare il disegno delle strumentazioni come
pure per pianificare programmi osservativi appropriati.

Kasper et al. (2007), Lafreniére et al. (2007), Nielsen et al. (2008), Nielsen
& Close (2009) hanno iniziato un’analisi statistica per vincolare le pro-
prieta fisiche e orbitali (distribuzione di massa, periodo, eccentricita) di
una popolazione di pianeti giganti. Essi hanno sviluppato uno strumento
di analisi statistica per sfruttare le prestazioni delle survey di imaging
profondo. Hanno testato la consistenza di vari set di distribuzioni para-
metriche di parametri di pianeti, usando il caso specifico di una rive-
lazione nulla. La prima assunzione di questi strumenti ¢ quella che la
massa del pianeta, 1’eccentricita e la distribuzioni dei periodi proveni-
enti dai risultati statistici degli studi di velocita radiali a corto periodo
(see e.g. Lineweaver & Grether 2003; Cumming et al. 2008) possono es-
sere estrapolate e normaizzate per ottenere informazioni su pianeti pitt
distanti. Nonostante la dipendenza dai modelli delle previsioni sulla
massa, I’approccio ¢ interessante grazie all'uso del set completo delle per-
formance di rivelazione delle survey e per la sua caratterizzazione delle
parti esterne dei sistemi planetari.

Fissato tutto questo abbiamo provato a fare un passo ulteriore, cre-
ando un algoritmo chiamato MESS, ovvero Multi purpose Exoplanet Simu-
lation System

MESS si basa su tre passi fondamentali: primo, la produzione di una
popolazione di pianeti sintetici, sia usando i risultati dell’analisi statis-
tica delle proprieta dei pianeti scoperti che i risultati delle teorie di for-
mazione dei pianeti. Di questi pianeti possono essere determinati tutti
i parametri fisici, e questo permette di derivare i valori previsti degli
osservabili (semi ampiezza di velocita radiali, segnale astrometrico, sep-
arazione prevista e contrasto). Infine questi valori degli osservabili ven-
gono confrontati con i limiti di rivelabilita stimati per strumenti esistenti
o in progetto. Quest'ultimo passo permette la definizione di un campione
di pianeti rivelabili pienamente caratterizzati, le cui caratteristiche possano
essere facilmente investigate. Questo significa, nel caso di strumenti in
fase di progettazione, che l'uso di MESS permettera di mettere a punto
non solo i principali parametri dello strumento, ma anche la strategia
osservativa.
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Il punto di forza del codice risiede nel fatto che esso ¢ completamente
indipendente dal tipo di strumento o tecnica da testare e anche da qual-
siasi modello evolutivo venga usato per stimare il flusso intrinseco del pi-
aneta. Ne le relazioni di rivelabilita ne i modelli evolutivi sono introdotti
nel codice ma entrambi vengono dati come input. Inoltre, le simulazioni
Monte Carlo forniscono sia tutti gli elementi orbitali che tutti i parametri
fisici dei pianeti (raggio, temperatura, luminosita, etc...), quindi e facile va-
lutare qualsiasi tipo di parametro osservativo (contrasto, semi-ampiezza
di VR, probabilita del transito, segnale astrometrico) e, data una relazione
di rivelabilita, ottenere un set di pianeti rivelabili le cui caratteristiche var-
iano a seconda dello strumento scelto.

Oltre a questo, l'uso di un campione reale di stelle permette di es-
eguire un’analisi caso per caso, tenendo conto le proprieta di ogni stella e
di come esse influenzino sia le caratteristiche del pianeta che le capacita
dello strumento.

Lo scopo di questa tesi € di presentare tale codice e tutti i risultati
ottenuti grazie al suo impiego, ed ¢ organizzata come segue:

La I Parte include una breve panoramica della conoscenza odierna sui
pianeti extrasolari ed & suddivisa in due parti:

I Capitolo 1 passa in rassegna i meccanismi di formazione nei diversi
ambienti e 'impatto delle proprieta della stella ospite (massa stellare,
metallicita, presenza di un compagno) sulla formazione planetaria;

I Capitolo 2 analizza le proprieta dei pianeti che sono importanti dal
punto di vista della rivelazione (focalizzandosi in particolare sulla tecnica
dell’imaging);

La II Parte presenta un aggiornamento sul lavoro sulla frequenza dei
pianeti in binarie presentato da Bonavita & Desidera (2007), che analiza
in dettaglio le differenze nella frequenza dei pianeti dovute alla presenza
di un compagno stellare;

La III Parte fornisce una descrizione dettagliata del codice, dei suoi
differenti modi di operazione e tutte le assunzioni su cui e basato, insieme
ad alcuni esempi delle popolazioni di pianeti sintetici ottenute;

La IV Parte include la descrizione delle applicazioni di MESSper 1’analisi
di dati reali.

Vengono discussi due differenti casi: il caso di un campione esteso di
oggetti provenienti dalla survey di imaging, effettuata con VLT/NACO,
avente come target stelle giovani e vicine (dell’emisfero australe it Capi-
tolo 5), e I'applicazione ad un set di dati che appartiene a osservazioni di
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un oggetto singolo con caratteristiche peculiari: la stella T Tauri LkCa1s
(Capitolo 6);

La V Parte presenta i risultati dell"uso esteso di MESS per la previsione
delle capacita di rivelazione di strumenti futuri, sia in costruzione che
solo proposti per il futuro;

Include il Capitolo 7 focalizzato su SPHERE, il planet finder di nuova
generazione del VLT, e il Capitolo 8 che riguarda EPICS, il planet finder
programmato per lo European Extremely Large Telescope;

Quindi nel Capitolo 9, come ideale conclusione di questa parte, pre-
sentiamo una discussione basata sul confronto delle rivelazioni previste
di differenti attrezzature di imaging diretto, sia da terra che dallo spazio.
Ci0 permette un’analisi della sovrapposizione dello spazio di scoperta
delle differenti tecniche, in un contesto in cui le sinergie tra di esse saranno
la chiave per una completa caratterizzazione dei sistemi planetari.

La VI Parte riassume infine le conclusioni e le prospettiva future del
lavoro.
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Part I

SCIENTIFIC BACKGROUND






Since the discovery of the very first planetary mass companion around
a pulsar star (Wolszczan & Frail 1992) and ultimately around a star similar
to our Sun (51 Peg See Mayor & Queloz 1995), many steps have been done,
leading to a sample of detected planets which grows rapidly, as much as
the minimum mass of these companion decreases and get closer to the
Earth mass.

New and more precise instruments have been built and many other
are already planned, all of them looking forward for the discovery of earth
twins and, ultimately, of traces of life somewhere else than here.

As appended with the discovery of 51 Peg, about fifteen years ago, the
observations often open new question about how the discovered planets
can form and survive, ending in the needs of more sophisticated theories
to address these items.

In this first part of the manuscript we will try to put our work in
context, by summarizing the status of the art of the extrasolar planet
research, both on the theoretical and observational side.

First we will present an overview of the planet formation theories
(mostly focusing on the Core accretion model, in Chap. 1.1) with an eye on
the effects of the environment characteristics on the final appearance of
the planetary systems.

Then in Chap. 2 we’ll summarize the properties of the exoplanets as
they come from the observational results.






PLANETARY FORMATION

1.1 CORE ACCRETION PARADIGM

Studies based on observations of the Solar System, of extra-solar plan-
ets and young stellar systems have led to the general concept that after
the collapse of a dense gas cloud, a proto-star surrounded by a proto-
planetary disk was formed. In this disk, solids started to coagulate from
fine dust and grew further by mutual collision to form planetesimals,
then proto-planets, and ultimately the actual planets. Some of the proto-
planets managed to accrete a massive gaseous envelope onto their core,
forming the giant planets (see Fig. 1.1).

These are the fundamental assumptions of the so-called core accretion
model (see Alibert et al. 2005), which is nowadays the most favored sce-
nario to explain the planet formation process.

In this model, the formation of gas giant planets can be thus be seen
as a two steps process:

1. The formation of a solid core

2. A runaway gas accretion, which occurs if the core reaches critical
mass and leads to a quick build-up of a massive envelope (Perri &
Cameron 1974; Mizuno et al. 1978; Bodenheimer & Pollack 1986).

The growth of the core occurs through collisional accretion of background
planetesimals, which themselves are formed by collisional coagulation of
small dust grains (Wetherill & Stewart 1989) or instability in the dust layer
(Johansen et al. 2007).

The formation of the core occurs through the same mechanism as the
one generally accepted for the formation of terrestrial planets. When
the core has reached roughly the mass of the Moon, it can hold an ini-
tially tenuous hydrostatic atmosphere. Its structure is well described by
the classical set of 1-D stellar structure equations except for the nuclear
energy release term that has to be replaced by heating due to infalling
planetesimals. The calculations presented in Pollack et al. (1996) first
treated the accretion rates of gas and solids in a self-consistent way. Their
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Figure 1.1: The four stages of planet formation

calculations show three distinct phases: phase I (t < 0.5 Myr) is character-
ized by a rapid build-up of the core. It ends when all the planetesimals
in the core’s initial feeding zone have been accreted. During phase II
(0.5 < t < 7.5 Myr), the core is capable of extending its feeding zone by
slowly accreting some surrounding gas. An increased core mass leads
to a deeper potential well which leads to a contraction of the envelope
which in turns leads to additional gas accretion from the surrounding
disk and so on until the systems runs away and enters phase III (t > 7.5
Myr). This phase starts at the critical mass which is reached when the
mass of the core and the envelope become roughly equal. Runaway accre-
tion occurs because in this regime the radiative losses from the envelope
can no longer be compensated for by the accretion luminosity from the
planetesimals.

As a result, there is no equilibrium anymore and the envelope begins
to contract on much shorter timescales. This contraction increases the gas
accretion rate, which in turn increases the energy losses and the process
runs away. The existence of such a critical mass is intrinsic to the core-
envelope model and does not depend upon the detail of the input physics
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(Stevenson 1982). The critical core mass is usually of the order of 5 to 20
Earth masses (Papaloizou & Terquem 1999). In the runaway phase, the
gas accretion rate is limited either by the planet itself (its ability to radiate
away the gravitational energy) or by how much gas the disk can supply.

The baseline core-accretion formation model has many appealing fea-
tures, producing in a nebula with a surface density about four times the
minimum mass solar nebula a Jupiter like planet with an internal com-
position compatible to what is inferred from internal structure models
(though the uncertainties in these models also allow a Jupiter without
solid core: Saumon & Guillot 2004). However, the timescale to form the
planet (8 Myr) is uncomfortably long compared to observationally de-
rived lifetimes of protoplanetary disks (Haisch et al. 2001). Higher surface
densities lead to significantly shorter formation timescales, which means
that the baseline core accretion process is not intrinsically slow, but at
the price that the resulting final content of heavy elements is very high
(Pollack et al. 1996).

This timescale problem finally lead to the hypothesis that another, faster
formation mechanism might be needed for giant gaseous planets which
suggest their formation trough gravitational instabilities in the protoplan-
etary disk (disk instability model, see Boss 1997).

Since Pollack et al. (1996), the core accretion model has been signifi-
cantly improved and extended, so that this formation timescale problem is
no longer a problem. Extended core accretion models have included new
physical mechanisms: concurrent calculation of the evolution of the proto-
planetary disk, and most importantly, planetary migration. The discovery
of numerous Hot Jupiters has forced upon us the necessity of planetary
migration as in-situ formation of these objects is beyond the capability of
any known formation theory. As planet formation, disk evolution and
migration occur all on similar timescales, it is necessary to treat these pro-
cesses in a self consistent, coupled manner (Alibert et al. 2004). Extending
the standard core accretion model by these mechanisms not only leads to
a natural explanation of the Hot planets (Alibert et al. 2006), but also solves
the timescale problem: for the same initial conditions that lead to runaway
growth in the in situ case after 30 Myr, including concurrent disk evolu-
tion and migration leads to the formation of a Jupiter-like planet at 5.5
AU that has an internal composition compatible with internal structure
models in just < 1Myr starting with an embryo of 0.6 Mg, at 8 AU (Al-
ibert et al. 2005). The reason for this speed up is that owing to migration,
the planet’s feeding zone is never as severely depleted and the lengthy
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Figure 1.2: Left: Minimum mass versus semi-major axis for all synthetic planets of
the nominal population. Right: The sub-population of synthetic planets detectable by a
radial velocity survey with an instrumental accuracy of 10 m/s and duration of 10 years.
Real exo-solar planets are indicated by large dots. Near the star subsequent evapora-
tion of planets could be significant, making a direct comparison with the observations
difficult (from Mordasini et al. 2008).

phase II is skipped. Instead, the planet always migrates into regions of
the disk where fresh planetesimals are available.

Monte Carlo models have been constructed using this approach (see
e.g. Alibert et al. 2005; Mordasini et al. 2009a). Results are shown in Fig-
ure 1.2, that show synthetic population of planets let forming through the
previous scheme, starting from a population of planetesimals of 0.6 Mg,
each. These simulations suggest that planets can be broadly divided into
three distinct populations:

e Giant planets (M, > 40 MEgg,)
e Neptune-like planets (10 < M, < 40 MEg,1,)

e Rocky planets (M, < 10 Mgg,)".

This is more clearly seen examining the expected planet initial mass
function (IMF, see Figure 1.3). From the left panel, it is seen that the IMF
has a quite complex structure. Starting at the large mass end, we note

‘In our discussion we will further divide this group in Super-Earths (1.2 < M, <
10 MEgr4,) and Earths (M < 1.2 MEgpp,)
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Figure 1.3: Initial mass function of all planets of the synthetic population around G
type stars (from Mordasini et al. 2008). In the right panel, the population has been split
in a low, medium and high metallicity bin. The region of a few Mp,,;s has been shaded
as the model is incomplete there

that core accretion is able to form planets that can, at least if the presence
of the core is not important, ignite deuterium burning. However, such
planets are rare. At about 500 Mg, the IMF has a local maximum, fol-
lowed by a local minimum at ~ 40 Mg, (this minimum is even more
pronounced in models by Lin and co-workers). A small bump occurs in
the Neptune mass domain. At around 6 Mg, the IMF finally starts to
rise rapidly. As models are incomplete for these very low masses, quanti-
tative predictions should be regarded with caution here. Qualitatively, a
strong raise of the IMF at such masses is however nevertheless expected,
as it is simply a consequence of the fact that very often the conditions in
the protoplanetary nebula are such that they don’t allow the formation
of a giant planet. In the right panel, the population was split in a low,
medium and high metallicity bin. One can see that the IMF is clearly
metallicity dependent, with metal rich systems producing more massive
objects, and metal poor small bodies. The distributions cross at around
6 Mga,- This metallicity dependent IMF explains why radial velocity
technique based planet searches, which are biased towards large masses,
have found planets preferentially orbiting metal rich stars.

1.2 PLANET-METALLICITY CORRELATION

It is nowadays well known that the frequency of giant planets correlates
with the metallicity ([Fe/H]) of the host stars (Fischer & Valenti 2005).
One of the most probable explanations of this effect is that high metallic-
ity enhances planet formation because of higher quantity of small particle

9
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condensates which are, according with the core accretion paradigm de-
scribed above, the building blocks of the planets. Fischer & Valenti (2005)
carried out an uniform analysis of the stars in the target lists of the largest
Radial Velocity (RV) planet searches, ending with a measurement of the
percentage of planet host stars in different metallicity bins.

The result is a dependence of the frequency of giant planets (with
orbital periods shorter than 4 years and radial velocity semi-amplitude
(K) higher than 40 m/s) from the metallicity of FGK main sequence stars
(with —0.5 < [Fe/H] < 0.5) which can be expressed as

P(planet) = 0.03 x 1020x[Fe/H](1.1)

= 0.03 NFE X NHW

Thus the occurrence of planets is nearly proportional to the number of
Iron atoms, as particle collisions are similarly proportional to the number
of particles. This suggests a link between the dust particle collision rate
in the protoplanetary disk and the formation rate of gas giants, favoring
the hypothesis that higher metallicities are inherited from the primordial
clouds, rather than the consequence of ingestion of migrating planetary

cores. this gives further weight to the core accretion theory.

1.3 INFLUENCE OF STELLAR MASS

Besides metallicity, protoplanetary disk masses and surface densities are
other important factors suspected to strongly influence the formation of
giant planets. They are thought to be dependent on stellar mass, in the
sense that more massive stars will have more massive disks and higher
surface densities (see Ida & Lin 2005), although this point needs confir-
mation. The exact impact of this on planet formation is presently poorly
known theoretically but such a scaling in the mass distribution of ex-
oplanets is expected in the core-accretion scenario of planet formation
since more massive stars probably have more massive disks, which make
it possible to accrete larger amounts of rock, ice and gas. However, more
quantitative studies are needed. Very recent simulations by Mordasini
et al. (2009b) suggest that in more massive disks a larger fraction of plan-
etary cores are able to pass through the bottleneck due to the threshold
for gas accretion. This results in a much higher incidence of gas giants at
moderate and large distances from the central star.
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On the other hand, in the disk-instability paradigm (e.g. Boss 2006b),
it is not clear how planet formation depends on stellar mass in general,
although Boss (2006b) predicts that this mechanism should not be too
sensitive to this parameter.

It also remains to be seen if high luminosities and winds will not
prevent the formation of gas giants in the inner regions surrounding
intermediate-mass stars. As an exampleIda & Lin (2005) predict that
the location of the ice boundary at larger distances is likely to make the
formation process of gas giants less efficient.

Kennedy & Kenyon (2008) developed a model for the evolution of the
snow line in a planet-forming disk and applied it over a range of stellar
masses to derive the probability distribution of gas giant as a function of
stellar mass. They found that, given an initial distribution of disk masses,
the probability that a star has at least one giant planet increases linearly
with stellar mass from 0.4 to 3 M. If the frequency of gas giant around
solar mass stars is 6%, their model predicts and occurrence rate of 1%
and 10% respectively for a 0.4M: and a 1.5M, star.

Although sample numbers are small, the observable gas giant fre-
quency seems to confirm this trend. Lovis & Mayor (2007) reported for
the first time observational hints suggesting that more massive stars do
form more massive planetary systems than lower-mass stars.

The apparently high frequency of massive planets around intermediate-
mass stars indeed suggests a rather higher efficiency for the accretion
process. Those results, obtained observing a sample of red giant stars
in a number of intermediate age open clusters, has been confirmed by
Johnson et al. (2007), who obtained fairly similar results combining their
sample of M stars from the NASA Keck M Dwarf Survey with the ones
from the California and Carnegie Planet Search (CCPS). By measuring the
fraction of stars with planets belonging to three stellar bins, they found
that the frequency of planets with M, > 0.8Mj,, within a < 25AU in-
creases with stellar mass (see Fig. 1.4. Thus, the evolved A-type stars in
their sample appear to have a probability to harbor a giant planet which
is 5 times higher than for the M dwarfs?.

If confirmed, this mass scaling raises questions on how to classify
objects above 13 Mj,;, the orbit solar-type and intermediate-mass stars.

2Note that the high—-mass bin is uncorrected for the decreased sensitivity of Doppler
measurements of higher-mass sub-giants compared to lower-mass stars. The reported
occurrence rate for high-mass stars therefore represents a lower limit unlike the Solar—
mass and low-mass bins
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Figure 1.4: Adapted from Johnson et al. (2007). Histogram illustrating the rising per-
centage of stars with detectable planets as a function of stellar mass. The stars selected
for each mass bin have 8 or more observations providing detectability of planets with
masses > 0.8 out to a = 2.5 AU. After correcting the measured percentages in each mass
bin for the effects of stellar metallicity, the rising trend is slightly diminished (Filled cir-
cles). The error bars on each bin are from Poisson statistics and the numbers above each
bin compare the number of stars with planets Nyogrs to the total number of stars in
each bin NSTARS

An abrupt transition between planets and brown dwarfs would have little
meaning if both categories of objects are formed by the same physical
process.

1.4 PLANET FORMATION IN BINARY SYSTEMS

Although the study of the dynamics of planets in or around binary stars
dates back about forty years ago, it remains an unresolved issue. Many
attempts have been done to understand whether planets could form in
multiple star systems, and whether the notion of habitability, as we know
it, could be extended in such environments.

As seen in the previous sections, the current theories of planet for-
mations focus only on single stars and their extension to binary environ-
ments are limited to either the Sun—Jupiter system (focusing on the effects
of Jupiter on the formation of the inner planets, see e.g Heppenheimer
1974, 1978; Drobyshevski 1978; Diakov & Reznikov 1980; Whitmire et al.
1998; Kortenkamp et al. 2001) or systems in which the stellar companions



1.4 PLANET FORMATION IN BINARY SYSTEMS

belongs to the brown dwarf regime, thus resembling some of extrasolar
planets (see Whitmire et al. 1998).

Marzari & Scholl (2000); Nelson (2000); Barbieri et al. (2002); Quintana
et al. (2007); Lissauer et al. (2004) and many others attempted to extend
these studies to binaries with comparable mass components, but with-
out any constraint or comparison with observations, since there has been
no clear evidence of the existence of such binary planet systems until
recently.

All these studies lead to the conclusion that, given the core accretion
paradigm presented in Sec. 1.1, one must consider that the presence of
a stellar companion can significantly alter the various stages of planet
formation process, having significant effects on their efficiency, especially
in the case of a binary star system with a moderate to small separation.

As shown by Boss (2006b), a binary companion can alter the structure
of a planet-forming nebula, and create regions where the densities of the
gas and dust are locally enhanced In addition, as shown by Artymowicz
& Lubow (1994) and Pichardo et al. (2005) a stellar component on an ec-
centric orbit can truncate the circumprimary disk of embryos to smaller
radii and remove material that may be used in the formation of terrestrial
planets. As a result, it used to be believed that circumstellar disks around
the stars of a binary may not be massive enough to form planets. How-
ever, observations by Mathieu (1994); Akeson et al. (1998); Rodriguez et al.
(1998); Mathieu et al. (2000) indicated that potentially planet-forming cir-
cumstellar disks can indeed exist around the stars of a binary system,
implying that planet formation in binaries may be as common as around
single stars. The masses of these disks are comparable to the minimum
solar-mass model of the primordial nebula of our solar system (Weiden-
schilling 1977; Hayashi 1981), implying that, planet formation in dual-star
systems can begin and continue in the same fashion as around our Sun.

Despite the observational evidence in support of the existence of planet-
forming environments in moderately close binary star systems, the per-
turbing effect of the binary companion may not always favor planet for-
mation. For instance, as shown by Nelson (2000), giant planet forma-
tion cannot proceed through the disk instability mechanism Boss (2000)
around the primary of a binary star system with separation of ~ 50 AU.

Also, when forming planetary embryos, the perturbation of the sec-
ondary star may increase the relative velocities of planetesimals and cause
their collisions to result in breakage and fragmentation, as shown by Hep-
penheimer (1978); Whitmire et al. (1998); Thébault et al. (2004).

13
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Results of the studies by these authors suggest that planetesimals ac-
cretion will be efficient only in binaries with large separation: 50 AU as
indicated by Heppenheimer (1978), 26 AU as shown by Whitmire et al.
(1998), and 100 AU as reported by Mayer et al. (2005). Finally, in a binary
star system, the stellar companion may create unstable regions where the
building blocks of planets will not maintain their orbits and, as a result,
planet formation will be inhibited (Whitmire et al. 1998).

Interestingly, despite all these difficulties, numerical simulations have
shown that it may indeed be possible to form giant and/or terrestrial
planets in and around a dual-star system. Recent simulations by Boss
(2006b), and Mayer et al. (2005) indicate that Jupiter-like planets can form
around the primary of a binary star system via gravitational instability in
a marginally unstable circumprimary disk. On the other hand, as shown
by Thébault et al. (2004), the core accretion mechanism may also be able
to form giant planets around the primary of a binary star.

Despite the destructive role of the binary companion in increasing the
relative velocities of planetesimals, which causes their collisions to result
in erosion, this efficiency of terrestrial planet formation in binary systems
may be attributed to the fact that the effect of the binary companion on
increasing the relative velocities of planetesimals can be counterbalanced
by dissipative forces such as gas-drag and dynamical friction (Marzari
et al. 1997, Marzari & Scholl 2000).

The combination of the drag force of the gas and the gravitational
force of the secondary star may result in the alignment of the periastron
of planetesimals and increases the efficiency of their accretion by reduc-
ing their relative velocities. This is a process that is more effective when
the sizes of the two colliding planetesimals are comparable and small.
For colliding bodies with different sizes, depending on the size distribu-
tion of small objects, and the radius of each individual planetesimal, the
process of the alignment of periastron may instead increase the relative
velocities of the two objects, and cause their collisions to become eroding
(see Thébault et al. 2006).

1.4.1 Dynamical evolution and stability

Once a planetary companion has managed to form in a binary environ-
ment, it must end up on a stable orbit to survive. Simulations show that
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a planet-size body can have three types of stable orbits in and around a
binary star (as described by Dvorak 1982):

e s-type orbit where it revolves around one of the stars of the binary
e p-type orbit if it’s around the entire binary systems

e [-type orbit when it librates in a stable orbit around the L4 or Ls
Lagrangian points.

Instability occurs when the perturbing effects cause the semi-major
axis and orbital eccentricity of a planet change in such a way that either
the object leaves the gravitational field of the system, or it collides with
another body. For a planet in an S-type orbit, the gravitational force of
the secondary star is the source of these perturbations. That implies, a
planet at a large distance from the secondary, i.e., in an orbit closer to its
host star, may receive less perturbation from the binary companion and
may be able to sustain its dynamical state for a longer time (Harrington
1977). Since the perturbing effect of the stellar companion varies with
its mass, and the eccentricity and semi-major axis of the binary (which
together determine the closest approach of the secondary to the planet),
it is possible- to estimate an upper limit for the planet’s distance to the
star beyond which the orbit of the planet would be unstable.

As shown by Rabl & Dvorak (1988) and Holman & Wiegert (1999), the
maximum value that the semi-major axis of a planet in an S-type orbit can
attain and still maintain its orbital stability is a function of the mass-ratio
and orbital elements of the binary, and is given by:

ac/ay = (0.464 £ 0.006) + (—0.380 + 0.010) 1
+(—0.631 4 0.034)e, + (0.586 4 0.061) ey
+(0.150 4 0.041)e? + (—0.198 4 0.047) ez (1.2)

In this equation, a, is critical semi-major axis , 4 = My/(M; + My),
ap and e, are the semi-major axis and eccentricity of the binary, and M;
and M are the masses of the primary and secondary stars, respectively.
The £ signs in equation 1.2 define a lower and an upper value for the
critical semi-major axis a., and set a transitional region that consists of a
mix of stable and unstable systems. Such a dynamically grey area, where
the state of a system changes from stability to instability, is known to
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exist in multi-body environments, and is a characteristic of any dynamical
system.

Similar to S-type orbits, in order for a P-type planet to be stable, it has
to be at a safe distance from the two stars so that it would be immune
from their perturbing effects. That is, planets at large distances from the
center of mass of a binary will have a better chance of begin stable. This
distance, however, cannot be too large because at very large distances,
other astronomical effects, such as galactic perturbation, and perturba-
tions due to passing stars, can render the orbit of a planet unstable.

Dvorak (1984) showed that planets at distances 2-3 times the separa-
tion of the binary have stable orbits. Subsequent studies by Dvorak (1986);
Dvorak et al. (1989), and Holman & Wiegert (1999) lately showed that the
orbit of a P-type planet will be stable as long as the semi-major axis of
the planet stays larger than the critical value given by

ac/ay = (1.60 £0.04) + (5.10 + 0.05)e,,

+(4.12 £ 0.09)p + (—2.22 4+ 0.11)e?

+(—4.27 +0.17)epp + (—5.09 £ 0.11) p?
+(4.61 4+ 0.36)es > (1.3)

Similar to equation 1.2, equation 1.3 represents a transitional region
with a lower boundary below which the orbit of a P-type planet will be
certainly unstable, and an upper boundary beyond which the orbit of
the planet will be stable. The mixed zone between these two boundaries
represents a region where a planet, depending on its orbital parameters,
and the orbital parameters and the mass-ratio of the binary, may or may
not be stable.

1.5 GIANT PLANET THERMAL EVOLUTION MODELS

Within six years of the Voyager 2 fly-by of Neptune, the encounter that
completed our detailed census of the planets in the outer solar system,
came the stunning discoveries of the extrasolar giant planet 51 Peg b
(Mayor & Queloz 1995) and also the first bona fide brown dwarf, Gliese
229B (Nakajima et al. 1995). We were not yet able to fully understand
the structure and evolution of the solar system’s planets before we were
given a vast array of new planets to study. In particular the close-in orbit
of 51 Peg b led to immediate questions regarding its history, structure,
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and fate (Guillot et al. 1996; Lin et al. 1996). Four years later, the first
transiting planet, HD 209458 (Charbonneau et al. 2000; Henry et al. 2000),
was found to have an inflated radius of ~1.3 , confirming that proximity
to a parent star can have dramatic effects on planetary evolution (Guillot
et al. 1996). The detections of over 50 additional transiting planets (as of
August 2009) have conclusively shown that planets with masses greater
than that of Saturn are composed predominantly of H/He, as expected.
However, a great number of important questions have been raised.

Much further from their parent stars, young luminous gas giant plan-
ets are being directly imaged from the ground and from space (Kalas et al.
2008; Marois et al. 2008; Lagrange et al. 2009). For imaged planets, plan-
etary thermal emission is only detected in a few bands, and a planet’s
mass determination rests entirely on comparisons with thermal evolution
models, these aim to predict a planet’s luminosity and spectrum with
time. However, the luminosity of young planets is not yet confidently
understood (Marley et al. 2007; Chabrier et al. 2007)

Giant planet thermal evolution models are being tested at Gyr ages
for solar system planets and the transiting planets. It is clear from giant
planet formation theories that these planets are hot, luminous, and have
larger radii at young ages, and they contract and cool inexorably as they
age. However, since the planet formation process is not well understood
in detail, we understand very little about the initial conditions for the
planets” subsequent cooling. Since the Kelvin-Helmholtz time is very
short at young ages (when the luminosity is high and radius is large) it
is expected that giant planets forget their initial conditions quickly. This
idea was established with the initial Jupiter cooling models in the 1970s
(Graboske et al. 1975; Bodenheimer 1976).

Since our solar system’s giant planets are thought to be 4.5 Gyr old,
there is little worry about how thermal evolution models of these planets
are affected by the unknown initial conditions. The same may not be true
for very young planets, however. Since giant planets are considerably
brighter at young ages, searches to directly image planets now focus on
young stars. At long last, these searches are now bearing fruit (Chauvin
et al. 2005; Marois et al. 2008; Kalas et al. 2008; Lagrange et al. 2009). It is
at ages of a few million years where understanding the initial conditions
and early evolution history is particularly important. Traditional evolu-
tion models, which are applied to both giant planets and brown dwazrfs,
employ an arbitrary starting point. The initial model is large in radius,
luminosity, and usually fully adiabatic. The exact choice of the starting
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model is often thought to be unimportant, if one is interested in follow-
ing the evolution for ages greater than 1 Myr (Chabrier & Baraffe 2000;
Burrows et al. 1997).

Thermal evolution models, when coupled to a grid of model atmo-
spheres, aim to predict the luminosity, radius,Tg Ffr thermal emission
spectrum, and reflected spectrum, as a function of time. When a plan-
etary candidate is imaged, often only the apparent magnitudes in a few
infrared bands are known. If the age of the parent star can be estimated
(itself a tricky task) then the observed infrared magnitudes can be com-
pared with calculations of model planets for various masses, to estimate
the planet’s mass. Recall here that mass is not an observable quantity
unless some dynamical information is also known. It is not known if
these thermal evolution models are accurate at young ages—they are rela-
tively untested, which has been stressed by Baraffe et al. (2002) for brown
dwarfs and Marley et al. (2007) for planets.

Marley et al. (2007) examined the issue of the accuracy of the arbitrary
initial conditions (termed a “hot start” by the authors) by using initial
conditions for cooling that were not arbitrary, but rather were given by a
leading core accretion planet formation model (Hubickyj et al. 2005). The
core accretion calculation predicts the planetary structure at the end of
formation, when the planet has reached its final mass. The Marley et al.
(2007) cooling models used this initial model for time zero, and subse-
quent cooling was followed as in previously published models. Figure
1.5 shows the resulting evolution. The cooling curves are dramatically
different, yielding cooler (and smaller) planets. The initial conditions are
not quickly “forgotten,” meaning that the cooling curves do not overlap
with the arbitrary start models for 10’ to 10° years. What this would
mean, in principle, is that a mass derived from “hot start” evolutionary
tracks would significantly underestimate the true mass of a planet formed
by core accretion.

Certainly one must remember that a host of assumptions go into the
formation model, so it is unlikely that these new cooling models are quan-
titatively correct. However, they highlight that much additional work is
needed to understand the energetic of the planet formation process. The
Hubickyj et al. (2005) models yield relatively cold initial models because
of an assumption that accreting gas is shocked and readily radiates away
this energy during formation. This energy loss directly leads to a low
luminosity starting point for subsequent evolution. Significant additional
work on multi-dimensional accretion must be done, as well as on radia-
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Figure 1.5: Thermal evolution of giant planets from 1 to 10 Mj, adapted from Marley
et al. (2007). The dotted curves are standard “hot start” models with an arbitrary initial
condition, and the solid curves use as an initial condition the core accretion formation
models of Hubickyj et al. (2005).
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tive transfer during the accretion phase, before we can confidently model
the early evolution. Thankfully, it appears that detections of young plan-
ets are now beginning to progress quickly, which will help to constrain
these models.

1.6 PLANET STABILITY AND HABITABILITY

Based on the knowledge of carbon-based life on Earth, which requires
water for its chemical reactions, the habitable zone has been defined as
the distance range over which liquid water is likely present on a planet
surface, and the continuously habitable zones are those regions in which
liquid water is expected to be present over a significant fraction of the
main-sequence lifetime of the star. For this reason the search for habitable
planets will focus on rocky planets in low-eccentricity orbits around Sun-
like stars at about 1 AU distance. For planets without atmospheres, the
habitable zone is determined by the equilibrium condition between the
flux coming from its parent star impinging on the planet surface and
emission by the planet surface itself. The cooler the star, the closer to the
star is the habitable zone. In the M star case the planet in the HZ is in a
synchronous orbit, generally considered not suitable for life.

The position and extent of the habitable zone depends mainly on the
stellar luminosity and age, but also on the planetary atmosphere and
on possible internal heat sources. If the planet has an atmosphere, the
definition of habitable zone is complicated by the presence of negative
feedback processes that stabilizes the climate. This process is driven by
the greenhouse effect. Inner and outer limits of HZ are where these neg-
ative feedback loops begin to fail to stabilize climate and planets become
inhospitable for life. This was the fate of Venus (high irradiation and
thick atmosphere gave rise to a runaway greenhouse effect which evap-
orated all the water in the planet) and Mars (where the solar radiance
and a thin atmosphere were not able to produce a sufficient greenhouse
effect in order to warm the surface). Various mechanisms are relevant to
define the efficiency of the greenhouse effect, and among these the most
important is the presence/absence of plate tectonic activity, which may
help stabilizing the COz2 content in the atmosphere.



EXOPLANETS PROPERTIES

In the previous chapter we reviewed the basics of the planet formation
and the expected properties of the planetary systems as comes from the
theories, depending on the different initial conditions.

In the following section we will then see what are the characteristics
of the planets that are important from the observational point of view,
thus focusing on the observable quantities for the various detection tech-
niques which aim is to find and (in case of direct measurement of the
planet spectra) characterize the planetary objects, thus providing impor-
tant constraint to be fulfilled by the theories.

2.1 CHARACTERISTICS OF DIFFERENT PLANET CLASSES
2.1.1  Giant planets

Theoretical models of planet formation following the core accretion sce-
nario predicts that the peak of formation of giant planets is found close
to the snowline, thanks to the availability of a larger amount of conden-
sates in the protoplanetary disk. In outer regions the longer timescales
involved should make planet formation a less efficient process. Migra-
tion mechanisms will alter the original distribution. We expect then to
observe a roughly bell-type distribution, which shape is a function of the
efficiency of the migration mechanisms (that may also create asymmetric
distributions or secondary peaks). Furthermore, current models of planet
migration within a disk predict smaller migration rates for the most mas-
sive giant planets. Therefore, a significant population of massive EGP
can be expected not too far from their birth zone (3-10 AU for solar-type
stars).

According to Ida & Lin (2004) core accretion mechanism is able to
form giant planets up to 30 AU from the central star while outward
migration might push some of them up to 50-100 AU from the central
star. Outward migration within the disk has been studied by Veras & Ar-
mitage (2004) and Martin et al. (2007). Depletion of outer disk by photo-
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evaporation should also favour outward migration. Formation of planets
or brown dwarfs in-situ at very wide separation might be instead possible
for thew disk instability mechanisms (Boss 2006a).

A further mechanism potentially able to populate the outer regions
of a planetary system is gravitational scattering between planets (the
Jumping Jupiter scenario, see Marzari & Weidenschilling 2002). It pre-
dicts the presence of giant planets in very wide orbits (e.g. 100 AU) be-
yond the limit where standard planet formation is thought to be possible.
Therefore, determination of the frequency of giant planets in wide orbits
(> 5—10 AU) will allow testing several aspects of the planet formation
models.

Beside frequency it would also be interesting to derive the distribu-
tions of planet parameters such as mass, semi-major axis and eccentrici-
ties and any difference with respect to those observed for planets orbit-
ing close to their central star. Very massive planets are expected to be
found mostly at a separation close to the snowline. On the other hand,
planets at very wide separations might have typically smaller mass, some-
what resembling the run of mass vs. separation in the Solar System Benz
et al. (2006). However, some models show that also massive planets can
have large outward migration Veras & Armitage (2004). Larger eccentric-
ities are expected if planets arrived at their location through the Jumping
Jupiter mechanism. The details of the mass functions of sub-stellar com-
panions, including brown dwarfs, at wide separation and the study of the
brown dwarf desert will put constraints on their formation mechanisms
and the actual mass separation between the two classes of objects.

2.1.2  Neptune-like planets

In the last few years, improvements in instrumental precision and ob-
serving strategies techniques allowed the start of a new era in RV planet
searches, extending the area of investigation to masses well below the gas
giant mass range, down to masses ~ 5 — 25 Mg,,. This new era will
likely revolutionize our understanding of the physics of formation and
evolution of rocky/icy planets, in a similar way the first detections of
giant planets did for the field of gas giant planets. The first discoveries
of the so-called Hot Neptunes (Mneptune = 17MEggy,) occurred thanks to
densely sampled observations of two planet hosts for Asteroseismology
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(Santos et al. 2004a) or improved characterization of the orbital properties
of known planets (McArthur et al. 2004).

After these serendipitous discoveries, some systematic searches were
started, leading to the identification of about fifty Neptune mass plan-
ets. These represent only a minor fraction of the planets known today,
because of the excellent instrument performances and large amount of
telescope time needed for the detection. Instead, their frequency is prob-
ably larger than giant planets with masses larger than Jupiter and Saturn,
possibly as much as 10% of the stars host Neptune mass planets in close
orbits, and an even larger fraction in wider orbits. The limited number of
detected Neptune-mass planets allows some very preliminary analysis of
their properties (Udry & Santos 2007). There are some hints of differences
with respect to Jupiter mass planets, in terms of period and eccentricity
distributions and properties of host stars (mass, metallicity) . However
they need confirmation with significantly enlarged sample of objects.

From the theoretical point of view, Neptune-mass planets have a spe-
cific role in constraining the scenarios of planet formation, and in par-
ticular to quantify the migration and disk dissipation timescales. Deter-
mination of mass and radius of the planet are of special relevance for
Neptune-mass or massive Earth-like planets, which should have different
composition and mean density according to their formation mechanisms
(failed cores of giant planets with small amount of gas, massive rocky
planets, evaporated close-in giant planets).

2.1.3 Rocky planets (Earths and super-Earths)

The ultimate goal of planet searches is the direct detection and characteri-
zation of earth like planets in habitable zones of Solar 4 type stars. This is
an almost unknown territory up to now, as current instrumentation have
very limited capabilities of detecting such planets. The goal for the com-
ing decades is to detect Earth-like planets around other stars, to estimate
the frequency of their occurrence and possibility to obtain direct images
of some of these with an ELT or a space interferometer. This may allow
a future spectroscopic characterization for the search for exo-solar life.
Current radial velocity and transit search programs are limited to planets
larger than the Earth, the so called super-Earths (i.e. planets with masses
in the range 1.2 to 10 Mg, and likely radii from 1 to 2.5 Rg,,). Some
of them, such as Gliese 581c (~ 5Mg,,;) are presumably made of rock
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(Udry et al. 2007), while others may be volatile-rich, such as the 5.5Mg;,
OGLE-2005-BLG- 390Lb (Beaulieu et al. 2006).

Few super-Earths have recently been discovered around main sequence
stars, 3 in the same planetary system (Mayor et al. 2009). In the near fu-
ture, Kepler will provide an enormous enhancement in our capabilities of
detecting planets via transits. This will allow determining the frequency
of occurrence of super-Earths at small distances from a variety of stars.
Otherwise, both observational evidence and theoretical simulations indi-
cate that small planets are more numerous than giant ones, in particular:
the observed mass histogram rises towards small masses.

2.2 MASS-RADIUS RELATION

The mass-radius relationship for planets, and more generally for sub-
stellar/stellar objects, contains essential information about their main
composition and the state of matter in their interior. The fundamental
work by Zapolsky & Salpeter (1969) is a perfect illustration of this state-
ment. The analysis of cold (zero-temperature) spherical bodies of a given
chemical composition and in hydrostatic equilibrium shows the existence
of a unique mass-radius relation and of a maximum radius Rmax at a crit-
ical mass M. The very existence of a maximum radius stems from two
competing physical effects characteristic of the state of matter under plan-
etary conditions. The first effect is due to electron degeneracy, which dom-
inates at large masses and yields a mass-radius relationship R o« M~1/3
characteristic of fully degenerate bodies (Chandrasekhar 1939). The sec-
ond effect stems from the classical electrostatic contribution from ions
(Coulomb effects) which yields a mass radius relation R o M'/3, charac-
teristic of incompressible Earth-like planets. Zapolsky & Salpeter (1969)
find a critical mass of 2.6 where the radius reaches a maximum value
Rmax ~1 for a gaseous H/He planet. The critical mass increases as the
heavy element content increases, while Rmax decreases.

The true mass-radius relationship, derived from models taking into
account a realistic equation of state yields a smoother dependence of ra-
dius with mass, as displayed in Fig. 2.1. The transition between stars
and brown dwarfs marks the onset of electron degeneracy, which inhibits
the stabilizing generation of nuclear energy by hydrogen burning. The
typical transition mass is ~ 0.07 (Burrows et al. 2001; Chabrier & Baraffe
2000). Above this transition mass, the nearly classical ideal gas yields a
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mass-radius relationship R « M. In the brown dwarf regime the domi-
nant contribution of partially degenerate electrons, balanced by the con-
tribution from ion interactions yields R o« M~!/8 instead of the steeper
relationship for fully degenerate objects. The increasing contribution of
Coulomb effects as mass decreases competes with electron degeneracy ef-
fects and renders the radius almost constant with mass around the critical
mass. The full calculation yields, for gaseous H/He planets, Mt ~ 3,
amazingly close to the results based on the simplified approach of Zapol-
sky & Salpeter (1969). Below the critical mass, Coulomb effects slightly
dominates over partially degenerate effects, yielding a smooth variation
of radius with mass close to the relation R o< M1/10.

The determination of mass-radius relationships of exoplanets, using
photometric transit and Doppler follow-up techniques, provides an un-
precedented opportunity to extend our knowledge on planetary structure
and composition.

Two benchmark discoveries illustrate the surprises planet hunters were
faced with. The very first transiting planet ever discovered, HD 209458b
(Charbonneau et al. 2000; Henry et al. 2000) was found with an abnor-
mally large radius, a puzzling property now shared by a growing fraction
of transiting exoplanets. At the other extreme, a Saturn mass planet, HD
149026b (Sato et al. 2005) was discovered with such a small radius that
more than 70 of heavy elements is required to explain its compact struc-
ture. This discovery raised in particular new questions on the formation
process of planets with such a large amount of heavy material. The diver-
sity in mean density of transiting planets yet discovered is illustrated in
Fig. 2.1.

2.2.1 Irradiation effects

The discovery of HD 209458b and of many other additional transiting ex-
oplanets has opened a new era in giant planet modeling. The modern
theory of exoplanet radii starts with models including irradiation effects
from the parent star. These effects on planet evolution are accounted for
through the coupling between inner structure models and irradiated at-
mosphere models, following the same method described in §2.3. Current
treatments are b