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Outline

1) Planet formation models

2) First generation population synthesis models

3) Second generation population synthesis models

Planet growth

Disk structure and evolution

Migration

Initial conditions

Reproducing planet observations

Using disk observations
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1000 AU⇒ ⇒
Theoretical

model

?

no direct 
observation

Planet formation

match

no match

comparison with 
observed planets

“Observed” initial conditions

Synthetic planets

Theoretical model
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Planet formation

1000 AU

⇒
Talk by Kees

⇒

This talk
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Core formation
by planetesimals

(“solids”) 

Gas accretion
beyond critical

mass

The core-accretion model

~10Mearth

Solar 
System

Extrasolar planets 

Protoplanetary 
disk

99% gas   1% solids

The core accretion paradigm
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Extended models
1)  “standard” core-accretion model predict formation in few Myr

2)  disk evolution 

3)  type I and type II migration 

The model is kept as  simple as possible: No tricks, 
everything is “standard” but considered together...

In-situ formation seems 
not possible ⇒ migration Evolution in ~Myr

⇒

disk evolution
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Models overview
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Planet’s solids accretion rate
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Planet’s solids accretion rate

Energy deposition by SL9 like impactor on Jupiter

Full 3D models (Zahnle & MacLow 1994) Our (1D) model (Mordasini et al., in prep)
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Planet’s internal structure

1)
dr3

dm
=

3
4πρ

mass conservation

2)
dP

dm
= −G(m + Mcore)

4πr4
hydrostatic equilibrium

dT

dP
= ∇ad or ∇rad energy transfer3)

Envelope mass derives from the condition

Internal structure equations

Gas accretion rate limited by disk properties
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Planet’s internal structure
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In situ formation of Jupiter at 5.2 AU

Solids

Core
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Total

Capture

Planet in contact 
with disk Planet isolated

Runaway solids 
accretion

Runaway gas 
accretion

only viscosity
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Models overview
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Disk model: gas

r r + dr

viscosity

photoevaporation

photoevaporation

Photoevaporation model from Veras and Armitage 2004
Friday, December 4, 2009



Disk model: gas

Constant viscosity parameter 
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Disk model: gas
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Disk model: gas

Planet migration path
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Iceline

Migration
path

Outer 
edge of FZ

Inner
 edge of FZ

Disk model: planetesimals

ejectionaccretion
~100km
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Models overview
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Opacity transition regions=⇒

αdisk,inside = αdisk,outside
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Migration - type I

Type I (low mass planets): RHill ≡ aP

(
Mplanet

3Mstar

) 1
3

< Hdisk

daP

dt
= f(αdisk)×

Mplanet

Mstar
× ΣPa2

P

Mstar
×

(
cP

aPΩP

)2

× Ω−1
P

αdisk ≡
d lnΣ
d ln r

Tanaka, Takeuchi & Ward 2002
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Migration - type I  
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Migration - type I

Type I (low mass planets): 

Tanaka, Takeuchi & Ward 2002

0 to 1
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Extrasolar planets   

Huge diversity resulting probably
from different ICs:

Protoplanetary disk
Metallicity
Environement

To explain the observations,
need to take into account

1) the ICs, with the correct probability laws
2) the observational biases 

⇒ Monte-Carlo approach
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Initial conditions

Sa
nt

os
 e

t 
al

. 2
00

3

H
ai

sc
h 

et
 a

l. 
20

01
Be

ck
w

ith
 &

 S
ar

ge
nt

 

CORALIE survey
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Evolutionary tracks: the full population

Semi-major axis

M
as

s

Time

Mordasini, Alibert, Benz, 2009
Mordasini, Alibert, Benz, Naef 2009
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Theoretical population

Hot planets

Failed cores
Mordasini, Alibert, Benz, 2009
Mordasini, Alibert, Benz, Naef 2009
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Bias (radial velocities)   

Monte-Carlo simulations by D. Naef
eccentricity, mass, period, observation schedule...
➥observational bias

Elodie 1 MJ
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M sin(i)  vs  a    

88%

64% 95%

10 m/sall
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Influence of disk

⇒

an “observed” disk...

⇒⇒
⇒⇒

Disk lifetime ?
Disk mass ?
Heating sources ?
SED and evolution ?

Consequences on
planetary population
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No observed hot planets around stars > 1.5 Msun

 disk lifetime effect ? (e.g. Johnson et al. 2007)

Disk lifetime ?

Hot Planets
around massive stars

2.0 Msun

Alibert, Mordasini, Benz, in prep
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no Hot Planets
few warm planets

statistical comparison with obs ?

for 

Kennedy & Kenyon (2009)

Disk lifetime ?

Alibert, Mordasini, Benz, in prep
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Haisch et al. 2001

FIGURE 1. Age of stellar sample vs. fraction of stars with primordial disks (the “Haisch-Lada2” plot)

either through H! emission or infrared excess diagnostics. The best fit exponential decay curve is plotted
with timescale "disk = 2.5 Myr. Disk fraction data are plotted for (in age order) NGC 2024 [0.3 Myr; 29],
NGC 1333 [1 Myr; 30], Taurus [1.5 Myr; 31], Orion Nebula Cluster [1.5 Myr; 28], NGC 7129 [2 Myr;

32], NGC 2068/71 [2 Myr; 33], Cha I [2.6 Myr; 34, 27], IC 348 [2.5 Myr; 21], # Ori [3 Myr; 35], NGC
2264 [3.2 Myr; 28], Tr 37 [4.2 Myr; 36], Ori OB1b [4 Myr; 35], Upper Sco [5 Myr; 22], NGC 2362 [5

Myr; 37], $ Vel [5 Myr; 38], % Ori [5 Myr; 39], & Cha [6 Myr; 40], TW Hya [8 Myr; 31], 25 Ori [8 Myr;

35, 38], NGC 7160 [11.8 Myr; 36], ' Pic [12 Myr; 41], UCL/LCC [16 Myr; 42].

by the authors as being likely due to primordial disk due to the SED shape or strength

of the IR excess. The nature of some disks is unclear. Lada et al. [21] and others have

identified stars with weak IR excesses whose nature as stars with either accretion disks

of lower optical depth or simply warm dusty debris disks is at present ambiguous. Given
the rarity of “transition disks2” (disks with large inner holes), their inclusion or exclusion

is usually within the disk fraction uncertainties, and will have negligible impact on this

analysis. The fraction of stars in the transition phase has been noted to be very high

in a young sample [e.g. ∼1 Myr CrA; 46]. I have not yet attempted to disentangle the
effects of stellar mass in Fig. 1, so the reader should simply interpret the disk fractions as

being most representative of the low-mass population of stars (<2 M") as they dominate

the stellar samples. I have omitted results for more distant clusters whose disk fraction

2 A glossary for common terminology for young stellar objects with disks (the “diskionary”) was recently
compiled by Evans et al. [45].

Mamajek 2009

Disk lifetime ?
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Without correlationWith correlation

Disk lifetime ?
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Muzerolle et al. 2003

 adjusted to reproduce the versus relation

assume

Disk mass ?

!! see also dependance of the active zone with Mstar !!
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0.5 Msun 2.0 Msun

Mdisk ∝ Mstar0

Mdisk ∝ Mstar2

Disk mass ?

Alibert, Mordasini, Benz, in prep
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Heating  sources

irradiation

viscosity

1) viscous heating

2) irradiation

irradiation flux added to the surface flux (due to mass accretion)

eq. value: 9/7

Heating sources ?
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!

Irradiated disk

d’Alessio et al. 98
Non-irradiated disk

Heating sources ?
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f1=0.001 f1=0.01 f1=0.1

Heating sources ?

Fouchet, Alibert, Mordasini, Benz, in prep
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newastart/noFL/irr/
P1.0

f1=0.001 f1=0.1

Irradiated disks are hotter

H/R larger than non irradiated

type II for larger masses

need larger type I migration to collect mass

Heating sources ?
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SED and evolution ?

Sicilia-Aguilar et al. 2006

Rdisque = 0.1AU -> 300AU 
Sigma(@5AU) =  900g/cm2

No inclination, gas and dust in equilibrium, etc...

Rdisque = 0.05 AU -> 300AU 
Sigma(@5AU) =  900g/cm2

homologous depletion of disks (Thayne’s talk)
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SED and evolution ?

Obs.

Th. < 2 Myr
Th. > 2 Myr

Many thanks to Luisa Rebull and collaborators for providing the 
unpublished Spitzer photometry
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   Conclusions

•first generation extended models allow quantitative predictions and can:
- reproduce the diversity of the exoplanets
- fit RV data for G stars, with high KS values

• disk structure and evolution is a key ingredient for these models

•second generation of models will focus on comparison with disks:
- disk properties for different stellar type
- disk evolution / SED
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