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|t wasn't always like that...
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planets and 3063 planetary systems (671 multiple planet systems) detected

and confirmed with different methods

Source: exoplanet.eu, October 2019




51 Pegasi / 51 Pegasi b

e 51 Pegis athe first “main-sequence” star
discovered hosting an exoplanet

Ve (ms7)

e 51 Pegbisa giant planet (half the mass of
Jupiter)

-100

AU)

T

e Semi-major axis 0.05 AU (Mercury is 0.39 l

e Orbital period of 4 days

Hot ]uplter Different to our Solar System



Orbital migration of the
planetary companion of 51
Pegasi to its present location

D. N. C. Lin*, P. Bodenheimer* & D. C. Richardsont

* UCO/Lick Observatory, Board of Studies in Astronomy and Astrophysics,
University of California, Santa Cruz, California 95064, USA

T Canadian Institute for Theoretical Astrophysics, McLennan Laboratories,
University of Toronto, 60 St George Street, Toronto, Ontario,

Canada M5S 1A7

Here
we show that, if the companion is indeed a gas-giant planet, it is
extremely unlikely to have formed at its present location. We
suggest instead that the planet probably formed by gradual
accretion of solids and capture of gas at a much larger distance
from the star (~5 av), and that it subsequently migrated inwards
through interactions with the remnants of the circumstellar disk.



Nobel prize in Physics 2019

For the discovery of an exoplanet orbiting a
solar-type star

Michel Mayor Didier Queloz

Prize share: 1/4 Prize share: 1/4




Kepler Orrery

Planetary systems
discovered by Kepler
observatory
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http://www.youtube.com/watch?v=Td_YeAdygJE
http://www.youtube.com/watch?v=Td_YeAdygJE
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Source: keplerscience.arc.nasa.gov/the-kepler-space-telescope.html



http://www.youtube.com/watch?v=8v4SRfmoTuU
https://keplerscience.arc.nasa.gov/the-kepler-space-telescope.html

Astrophysical context

of planet formation



Gaseous planets
Rocky planets

Source: IAU/Martin Kornmesser




Nebular hypathesis

e Bodies rotate in the same direction

e Low inclinations / eccentricities

2002 185894

Kant (1755) Laplace (1796)

Planets condense from a primitive solar atmosphere


http://www.youtube.com/watch?v=BKKg4lZ_o-Y&t=181

From galaxy clusters to planets

Credits: Illustris collaboration

Credits: NASA/Hubble

Credits: NASA/Hubble

Credits: Mark McCaughrean
(Max-Planck-Institute for Astronomy), C. Robert
0'Dell (Rice University), and NASA/ESA







How do planets form?

Molecular cloud collapses

Small dust grains merge into larger
bodies and form the first planetary cores

Planet cores accrete gas/dust from the
disk

Rocky planets are believed to form in the
final stages

The system finally relaxes dynamically
towards an equilibrium configuration

Credit: Bill Saxton, NRAO/AUI/NSF



Disk formation

5000 AU
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Source: presshooks.bccampus.ca/astronomy1105/chapter/21-1-star-formation/


http://www.youtube.com/watch?v=64t-dVtDwkQ&t=70
http://www.youtube.com/watch?v=64t-dVtDwkQ&t=70

Pratoplanetary disks

Gaseous disks rotating
orbiting a central object

Small fraction of dust
Typical size of 100-1000 AU
Live for ~1-10 Myr

Factories of planets




Where do we find disks?






http://www.youtube.com/watch?v=ZtEDsD0gu_8

Orion Nebula

Hubble space telescope

Credit: NASA/ESA an L. Ricci (ESO)
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450 light years

450 light years away from us (1 arcsec) 200 light years




DSHARP ® -

“Disk substructures at
high Angular
resolution Project” ‘ o
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Credits: ALMA (ESO/NAOJ/NRAO), S. Andrews et
al.; NRAO/AUI/NSF, S. Dagnello
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Dusty disks
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SPHERE at VLT

RXJ 1615 AS 209 IM Lup Credits: ESO/H. Avenhaus et al. /E. Sissa et al./DARTT-S and SHINE collaborations




B PpLANETS
GAS + SOLIDS —

STAR +







Solids dynamics

S = 4w R? : ‘ V = :nR3

Cross section of the body Mass of the body
Friction forces Inertia

The smaller the object, the larger the surface to volume ratio



Solids dynamics

Solids behave differently depending on their size and mass

Even larger solids decouple almost
completely from air flow

Small solids trace air flow Larger solids partially trace air flow



http://www.youtube.com/watch?v=ffrK8LBzt-Y&t=9
http://www.youtube.com/watch?v=8V0giL2TeIU&t=6
http://www.youtube.com/watch?v=E43-CfukEgs&t=84

Solids dynamics in protoplanetary disks

Centripetal forces (idealized picture)

Circular motion
Gravity of the central star Pressure gradient

Velocity

Dust particles faster Chan Gas

Centripetal force

L fr——
Drag force

Headwind felt by the solids
(~200 Km/h)



Solids dynamics in protoplanetary disks

e Drag force depends on:
o Particle size
o Ambient density
m Denser medium is able to remove momentum more efficiently
e Small particles are well coupled to the gas
o Dynamics governed by drag forces
e Large particles are decoupled from the gas

o Dynamics governed by inertia / external forces



From stardust to planets
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http://www.youtube.com/watch?v=g2abzX3Hm0I

Microgravity experiments
Bremen University



https://docs.google.com/file/d/1NACGldmlwRJcTNIuA6jrICUmcpXxbrep/preview

Growth barriers



https://docs.google.com/file/d/1dKFSh-Y-N3SDohjCyFfXjfljJSSxUTmt/preview
https://docs.google.com/file/d/1Yo47vDXudBpxMn1AGYjBbdt1lc5XBCqM/preview
https://docs.google.com/file/d/1nyzO874BhXI-kphwi9D-0fJCQ34_QGO6/preview

Dust growth
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Fastest drifting particles

azimuthal

Growth barriers
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How do we concentrate dust/

Eddies Pressure bumps Streaming instability

Johansen et al. (2014)
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http://www.youtube.com/watch?v=co0a-JcaAcg
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https://www.jove.com/video/51541/laboratory-drop-towers-for-experimental-simulation-dust-aggregate

END OF THE FIRST

PART









http://www.youtube.com/watch?v=E4yirtvUurA

Accretion model

Gas-collapse model

Central star

Dust disk

Orbiting dust grains accrete
into "planetesimals" through
nongravitational forces.

Planetesimals grow, moving in
near-coplanar orbits, to form
"planetary embryos."

Gas-giant planets accrete gas
envelopes before disk gas
disappears.

D %

Gas-giant planets scatter or
accrete remaining planetesimals
and embryos.

young star.

N

A protoplanetary disk of gas
and dust forms around a

Gravitational disk instabilities
form a clump of gas that be-

comes a self-gravitating planet.

c_/Gas giant

Dust grains coagulate and
sediment to the center of the

protoplanet, forming a core.

The planet sweeps out a wide
gap as it continues to feed on
gas in the disk.

Credits: NASA/ESA and A. Feild (STScl)

Two planet formation scenarios

Core accretion model

Bottom-up

Gravitational instability

Top-down



http://www.nasa.gov/
http://www.esa.int/
http://www.stsci.edu/
http://www.youtube.com/watch?v=3YmeajE-TT8

Core accretion: Planetesimal accretion

Assisted by gravitational focusing

Big gravitational bodies

Depends on the radius of the
accreting body (cross section)

It takes long time




Core accretion; Pebble accretion

e Small negligible gravitational mass
particles accrete onto large
gravitating bodies in gas-rich
environments

e It basically depends on the mass of
the gravitating body and the
surrounding density, not its size

e Itisfastand very efficient

Pebble accretion is a also a planetesimal formation mechanism



Core accretion or Gravitational instability?

RESEARCH

EXOPLANETS

A giant exoplanet orbiting a
very-low-mass star challenges
planet formation models

J. C. Morales*, A. J. Mustill®, L Ribas"?, M. B. Davies®, A. Reiners*, F. F. Bauer®,
D. Kossakowski®, E. Herrero'?, E. Lépez-Gonzilez®, C. Rodriguez-Lopez’,
V.J.S. Béjar™®, LGonzﬂez-Cuesu’“ ILl.uque’“ E. Pallé”®, M. Perger?, D. Baroch'?,

', ML J.

A. Johansen®, H. Klahr®, C. Mordasini®, G. Anglada-Escudé®'®, J. A. Caballero®,

M. Conés-Conh'eras", S. Dreizler®, M. umga“. E. Nagel'?, V. M. Passegger'?, S. Reffert'®,
A. Rosich™?, A. Schweitzer'?, L. Tal-Or*', T. Trifonov®, M. Zechmeister®, A. Quirrenbach'?,
P. J. Amado®, E. W. Guenther'®, H.-J. Hagen'?, T. Henning®, S. V. Jeffers*, A. Kaminski',

Star GJ 3512

O

Mass ~ 0.1 MS

Planet G] 3512 b

O

o

O

Mass > 0.46 Mjup
Period: 204 days
Eccentricity: 0.44

un

the Earth- and Neptune-mass regime (4). Only a
few Jupiter-mass planets have been found to orbit
M dwarfs (5, 6). This is consistent with predictions
made using the core accretion theory of planet
formation (7, 8), which produce a low abundance
of gas giants orbiting low-mass stars. Alternative
planet formation theories, such as those involy-
ing disk instability, may explain the formation of
gas giant planets in high-mass protoplanetary
disks (9, 10). Surveys using the microlensing tech-
nique indicate that gas giant planets may be more
abundant at larger distances from their host stars
(11, 12), where transit and radial-velocity surveys
are less sensitive. Some exoplanet formation scenar-
ios suggest that the occurrence of gas giant planets
should increase beyond the snow line (the distance
from the star beyond which volatile compounds
condense into the solid phase) in protoplanetary
disks, but it remains unclear whether disks around
M dwarf stars have sufficient mass and survive

long onough to form gas giant plannts @

Morales et al. (2019)
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Planet mig
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Orbital migration of the
planetary companion of 51
Pegasi to its present location

D. N. C. Lin*, P. Bodenheimer* & D. C. Richardsont

* UCO/Lick Observatory, Board of Studies in Astronomy and Astrophysics,
University of California, Santa Cruz, California 95064, USA

T Canadian Institute for Theoretical Astrophysics, McLennan Laboratories,
University of Toronto, 60 St George Street, Toronto, Ontario,

Canada M5S 1A7

THE recent discovery' and confirmation® of a possible planetary
companion orbiting the solar-type star 51 Pegasi represent a
breakthrough in the search for extrasolar planetary systems.
Analysis of systematic variations in the velocity of the star
indicate that the mass of the companion is approximately that
of Jupiter, and that it is travelling in a nearly circular orbit at a
distance from the star of 0.05 Au (about seven stellar radii). Here
we show that, if the companion is indeed a gas-giant planet, it is
extremely unlikely to have formed at its present location. We
suggest instead that the planet probably formed by gradual
accretion of solids and capture of gas at a much larger distance
from the star (~5 auv), and that it subsequently migrated inwards
through interactions with the remnants of the circumstellar disk.
The planet’s migration may have stopped in its present orbit as a
result of tidal interactions with the star, or through truncation of
the inner circumstellar disk by the stellar magnetosphere.




Gravitational perturbations

-100

Credit: Joseph Hahn


https://docs.google.com/file/d/1LXcdTGfnTIQoHoDZw1U7xf0fjKcFjzS3/preview

Planet-disk interaction

e (Gravitational interaction between the embryos
and the surrounding material

o Disk feels gravity of the of the planet
(accelerated by the planet), which, by
action-reaction law, accelerates also the
planet

e Embedded planetary cores evolve dynamically
because of this force

Planet migration

(redit: NASA/JPL/SSI



Types of interaction

Large-scale perturbations Localized perturbations



http://www.youtube.com/watch?v=ul993L4vrYo
https://docs.google.com/file/d/1u4V-jb2ZlZ2ishe0wSgTcgH3oZf56yPC/preview

Alternative frame of reference



https://docs.google.com/file/d/1BmFHTb9KdmpqSb2pnbIoPDZ1EsrynuIS/preview

Types of interaction

Large-scale perturbations Localized perturbations



https://docs.google.com/file/d/1UJAfogOKcZ4Unv2fGCYHFw2hkYW4p985/preview
https://docs.google.com/file/d/1y76u6IFhUnpZ9KfaL76Sr7rqoI5tJCm3/preview

The outcome depends on the planet mass

FARGO3D Example



https://docs.google.com/file/d/1UEdaxfUAZfukWlUKDGWoeL92gJoN0rY2/preview

How do we simulate planet migration?
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FARGO3D

A versatile MULTIFLUID HD/MHD code that runs on clusters of CPUs or GPUs, with
special emphasis on protoplanetary disks.

il %

Website: fargo.in2p3.fr

Documentation

Clone
HTTPS: git clone https://bitbucket.org/fargo3d/public.git

SSH (bitbucket user required): git clone git@bitbucket.org:fargo3d/public.git

http://fargo.in2p3.fr - https://bitbucket.org/fargo3d/public



http://fargo.in2p3.fr/
https://bitbucket.org/fargo3d/public

Some outcomes of this interaction

e Planets migrates mostly inwards
o Fastinward migration problem
e Orbits are circularized

o How do we explain eccentricity of
exoplanets?

e The inclinations are also damped
o How do we explain retrograde planets?

e Several planets can end-up in mean-motion
resonances

Circular and coplanar orbits are an outcome of these models, which is in good
agreement with the Solar System


http://www.youtube.com/watch?v=Zt4y9JmOcB0&t=6

Do we have ohservational evidence of this interaction?

Elias 2-27

HD 100433 SAO 206462 MwWC 758 HD 14257




TRAPPIST-1

8/5 5/3 3/2 3/2 4/3 3/2

Credit: NASA/JPL-Caltech



Planetesimal-driven migration

Scattering Eccentric

planetesimals
Planet ° :. °

. . ....‘... .
\VJ

Star s |
Planet moves outward g wf

Levison et al. (2007)



What can we learn from the
Solar System?
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Grand tack hypathesis

Recipe to form a Solar System

e Bimodal initial distribution of S-type and
C-type asteroid

e Inward migration of Jupiter and Saturn
scatter away S-type asteroids

e  When Jupiter and Saturn are locked in Mean
motion resonance, they migrate outwards

e The inner Solar System is formed from the
residuals

Eccentricity Eccentricity

Eccentricity

Jupiter, Saturn’s core
migrate inward
S = @
-type t e Hpe

— Y

Semimajor Axis

“Tack’: migration
reverses direction

amg

Semimajor Axis

Asteroid belt

Qe

Semimajor Axis
Morbidelli & Raymond (2016)




Ultima Thule

Located at the Kuiper belt

Farthest, and perhaps the oldest, object
explored by a spacecraft

Can it tell us how the building blocks of
planets form?




Streaming instability can explain this?

log(2p/(2p))
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Nesvorny et al. (2019)


https://docs.google.com/file/d/1YSyc4Itbln3jk0lOpAXWPBmHg6cLZ9Fp/preview

Constraining models

Jupiter blocks drifting particles
from the outer Solar System
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http://www.youtube.com/watch?v=ppXLrYDHejw

All planetary systems are different

Transiting Systems
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summary

e Stars are formed in molecular clouds
o Disks are formed together with the star
m Disks are dusty disks

e Planetary bodies form from dust
o Dust needs to growth before forming the planets
m Barriers

e If we overcome the barriers, a planetary core is formed
o Planets interact with the disk (and other planets) gravitationally
m Planets move while they form

e When the disk dissipates, the system relaxes dynamically
o Instabilities and ejections may occur

e Ifthe planets are at the right distance from the star — liquid water



... “Given our lack of

underctanding of thece iscve,
even moct cuccescful formation

modele remain on cAaky grovnds.”

From “Challenges in Planet Formation’,
Morbidelli & Raymond, 2016.




