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1- Exoplanets and population synthesis
2- From disks to planets: integrated models

3- Population synthesis: comparison and results

4- Pebbles versus planetesimals



Planet formation models

protoplanetary disks planets
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What is the origin of the diversity of planetary systems?



Importance of stellar evolution models

) Kepler - bias corrected Fulton et al. 2017
10 1 | ) =
exoplanets org | €/26/2017
q . e 0.12
B - -
e
10’ o ‘é’. —
z : 52 bose
g 0'8 - uncerl.
V) — b -
e
3. - § £
T B 0.06
g o 80
z 5 Q
2 > 2004 '
a M~ — (.
L @©
10} L0 =
£ Q0
~ —
2 O 0.02
“—
J @ i - 0.00 ‘
dor S e Asde (Aemeromical Unite (ALL 100 07 10 13 18 24 3545 60 80 120 200
mi-iMajor s [ Astronomic n - +
J . (AU)] Planet Size [Earth radii]
Parameler [1D 10180 .
Spcclnﬂ lypu GIV Stellar I’v.rw:wlcm
v [m;u,r] 7.33 ROl Kepler- 11 KD T T 1 ! [Fe/T e/l R. I Tl Nlend
. v e E - ey /11 ] - Ter T ng
B-V [mag] 0.629 ERs e m CEE DR e ) e T
" [mas] 2530 1 062 : ' — — S —
Aff _ [ - «.r] 4 .\5 a1 Ke.plcr nn 521045 5R25 75 4.125 0023 oo nio 1. 490 .03 N.437 Q.01 3 3
¥ THS . -2 36 Kepler 10l 10905239 3570 134 4065 0240 030 000 1666 0415 0351 0300 3 4
Tx:r [K] -911 i 19 P Kepler- 210 XS4 444 73 4398 CUTCHE (014 4 nan R s 1.314 (LN 4 3
log g [Cces] 4391003 7 Kuplee-10 11904131 5627 44 4340 006 -015 0.04 1.056  0.021 1.068 0.008 3 3
[Fe/I] [dex] 008 1+ 0.01 82 Koplee-1U2 10187017 49la 71 1640 0100 008 nu? 0716 0032 31142 .34 1 3
L IL-] 1.49 1 0.02 85  Kepler 65 5866724 6169 S0 4236 0035 0.09 0.08 1424 0024 0621 0.011 5 3
N by NIISHERS GRNM 42 4059 (L1510 021 1.0 1778 (1387 [1.329 (L TR6 A 3
A”_ ) M!"”J_l 1.U6 L 0.05 U9 Kuplee-3Y GHO2203 aled B3 4196 0008 011 ot 1486 013y 0542 G127 1 3
s [kms™] <3 ne RASHGTY ST K A3 0asn (R E N 119 0219 [L.8A7 (L1119 3 3
log Ry -5.00 106 Keplee-103 4914423 3843 88 4162 0051 007 0.1 1436 0039 0512 0.020 5 3
Predlog Riye) [days] 2413
Age (log Ry.) |G 4.3 + 0.5

The majority of planet properties are based on stellar evolution models



Stellar evolution

the full numerical approach
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the stellar evolution models

dR _ 1 iy B M,

dM,  4aRp’ dM, 4aR%’
I, 7

d E—T£ dT =_(1M,Tv

dM, di dM, 47 R4 P

Lcnfw . T"'.chp /\ill

()G
*1\ar), " \ar)| 2™

N

cp

().

I ] I I

| I I I | I I I I I I |

(PN
6 M,
ST
4 M,

1 I 1 1 1 I 1 1 | I 1 !

I | L | | 1 | |

1.4 4.2 4
log 'J‘cH

Baraffe et al. 1998, Alibert et al. 1999



Integrated models and HR diagram

initial condition + stellar evolution = HR diagram
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1- Exoplanets and population synthesis
2- From disks to planets: integrated models

3- Population synthesis: comparison and results

4- Pebbles versus planetesimals



From GMC to present day planets

Giant Molecular Cloud Protoplanetary disk
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Top down or bottom-up!?

>

Protoplanetary disk

Gl/DI model

Core-accretion
model

pre-solar grain




Top-down models: the disk instability model

Clump formation depends critically on disk cooling

—> formation of massive planets
— formation in outer parts of the disk

Origin of enrichment in heavy elements/formation of low mass (Earth,Neptune) planets!?



Bottom up model: the core accretion model

Core formation
by solid
accretion

=

| % solids

Taisk < 107yr ‘

The core-accretion model gas giant
ice giant

terrestrial planet




What are these solids?

Planetesimals-based model Pebbles-based model

dust ~ microns

pebbles ~ cm

high efficiency




Planet formation: the players

TRAPPIST-1 System

Inner Solar System

Mercury




Planet formation: the interactions

* solid-solid interactions

* gas disk structure and evolution

* solid accretion

* solid-gas disk interactions

* planet-disk interactions

* planet internal structure and gas capture

* planet-planet interactions



Integrated models

protoplanetary disks planets
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What is the effect of the combined processes in
shaping planetary systems?



Integrated models
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Integrated models
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Integrated models
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Neptune mass planets should be found at 5 AU and 16 AU !!

Bitsch et al. 2012



Integrated models
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Neptune mass planets should be found at 5 AU and 16 AU !!
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Planet formation: full numerical or integrated models?

the full numerical approach

10 AU

the integrated models
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Different integrated models

Nbody (incl. planetesimals) hydrodynamical disk 3D interior structure

full numerical
model

Nbody + statistics of planetesimals semi-analytical disk 1D interior structure
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Formation & evolution model: Bern model
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Formation & evolution model: Bern model

Seen from the edge
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g/ang. momentum

exchange -
eccentriCity damping

time exchange=
eccentricity damping

protoplanetary disk = gas disk + solids



| planetary system - 10 planetary seeds/system
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HD 134987

’ CD2000146/CD_00000001000009_SIMO0O0O0O0O0O00000465
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a system with TWO Earths at 1 AU
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long term stability
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1- Exoplanets and population synthesis
2- From disks to planets: integrated models
3- Population synthesis: comparison and results

4- Pebbles versus planetesimals



Population synthesis

Formation & evolution model Initial Conditions
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Planetesimal based: gas fraction
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Planetesimal based: mass function

Observations Synthetic
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Testing models with transit observations

Kepler - bias corrected Fulton et al. 2017
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Testing models with transit observations

Rocky cores

Radius [ Rg ]
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Planetesimal based: sucesses and problems

1- Predicted mass function is similar to observed one

2- Disk size similar to observations / masses in the higher end of
the distribution

3- Works better with low mass planetesimals (~km)

4- Formation of planets at large distance - timescale problem

-> ejection?
-> outwards migration?

-> another formation mechanism?



Testing models with microlensing observations
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Testing models with microlensing observations
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Testing models with microlensing observations

Theoretical observable lens
population
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1- Exoplanets and population synthesis
2- From disks to planets: integrated models

3- Population synthesis: comparison and results

4- Pebbles versus planetesimals



What is the mass of core’s building blocks!?

Planetesimals-based model Pebbles-based model

dust ~ microns

pebbles ~ cm

high efficiency




Planetesimal based: Integrated model

1- protoplanetary disk evolution

2- planet internal structure (core & envelope)

3- orbital migration

4- planet-planet interactions (gravity & competition)

Alibert, Mordasini, Benz 2004; Alibert et al. 2005, Mordasini et al. 2012, Alibert et al. 2013, Pfyffer et al. 2014, Alibert & Benz 2016, Swoboda et al. in prep...



Planetesimal based: sucesses and problems

1- Predicted mass function is similar to observed one

2- Disk size similar to observations / masses in the higher end of
the distribution

3- Works better with low mass planetesimals (~km)

4- Formation of planets at large distance - timescale problem

-> ejection?
-> outwards migration?

-> another formation mechanism?



Pebble based: Integrated model

1- protoplanetary disk evolution

2- no planet internal structure
3- orbital migration

4- no planet-planet interactions (one planet per system)



Pebble-based model: rapid formation of planetary cores
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Pebble-based model: few Neptune mass planets - no HN

Mgas = 10% Mplanet

3.0x10° 1000
Mgas = 50% Mplanet
6
2 5x10 .
4 100
6 E L
2.0x10 =>
$ :
10 <=
- 1.5x10° =
1.0x10° 3
0.5x10°

0.1
5 10 15 20 25 30 35 40 45

L . ra [AU]
iceline < 1 AU in < 1 Myr 0 Bitsch et al., 2015



Pebble based: sucesses and problems

1- No timescale problem (even inversed timescale problem)

2- All disks are observed with pebbles, but they should drift
to the star and disappear very rapidly -> recycling process?

3- Formation of Neptune planets very unlikely - no Hot Neptunes

-> are they all formed by collision of smaller planets”

-> rotation axis of exo-Neptunes”?

4- Pebbles are destroyed in the planetary envelope



Maximum mass of planets formed by pebble accretion

Alibert,astroph-1705.06008

o accreted pebble Ormel et al. 2015

-> accreted pebbles interact with the envelope (gas drag)



Maximum mass of planets formed by pebble accretion

Alibert,astroph-1705.06008

accreted pebble Ormel et al. 2015

| -2 Mearth

-> heavy material is dispersed and vaporized in the envelope
and does not reach the core



Maximum mass of planets formed by pebble accretion

Alibert,astroph-1705.06008
accreted pebble

- Ormel et al. 2015

Y

polluted gas

returning to
the disk

—)

fresh gas
from the disk



Maximum mass of planets formed by pebble accretion

Alibert,astroph-1705.06008

accreted I
, ccrete Pebbe Ormel et al. 2015

pollution (1)

fresh gas polluted gas
from the disk returning to
the disk

replenishment (2)

gas remains unpolluted if (2) is more rapid than (1), i.e.inside ~ 10 AU



Maximum mass of planets formed by pebble accretion

During core growth by pebble accretion, when the core Is larger
than ~ 1-2 Mearth:

-> heavy material is dispersed and vaporized in the envelope
and does not reach the core

-> the heavy elements cannot accumulate in the envelope
because of mass exchange with the disk, inside ~10 AU

-> the total mass of heavy elements is limited to 1-2 Mearth

-> the planet cannot accrete gas because it is too small

heavy material cannot accumulate neither in the core nor in the

envelope, gas cannot be accreted, the planetary growth stops at ~ 1-2
Mearth

-> no planet larger than ~1-2 Mearth can form directly by pebble
accretion inside ~10 AU



Conclusions

Do not mix integrated models and population synthesis

|- integrated models = stellar evolution models

2- population synthesis = compute HR diagram

Population synthesis model can be used for:
|- get global picture of planetary formation

2- understand/predict planet statistics from different observation
means

Population synthesis models require the knowledge of the bias - ‘blind’
observations better to avoir the ‘observer bias’

Microlensing observations constraint a part of the aM diagram that is
not probed by other means = strong constraint on models



