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Protoplanetary discs = Planetary system

From a gas and dust-rich
disc to a planetary system
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Planet formation




The nucleated instability model (1)
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The nucleated instability model (1)

-+

Johansen et al. 2007

UGas-solids coupling ~ Boley etal. 2010
Windmark et al. 2012

Planet
embryo
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The nucleated instability model (2)

Friday, March 23, 2012



The nucleated instability model (2)
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The nucleated instability model (2)

ice giant
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The nucleated instability model (2)

terrestrial

planet i
v E

ice giant
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‘Bern Il model’
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‘Bern Il model’

Core

Enverlope
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‘Bern Il model’
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‘Bern Il model’
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‘Bern Il model’

Core

Infalling

Vert. str.

Migration

Enverlope
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‘Bern Il model’

Core

Infalling

Vert. str.

Migration

Enverlope

Planet-Planet

Accretion rate

Réd. str.

|Solid disk
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‘Bern Il model’

Migration |« >| Planet-Planet
Core A
A
compo-
sition
MCOI‘G
v Thisk
. > .
Infalling [«—————| Envelope [<———| Accretion rate 5

A

Pdisk ,Paisk

Vert. str. |=< >|Rad. str. |=< > | Solid disk

z Ysolid »Ssolid
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‘Bern Il model’

(®|Migration |« >| Planet-Planet | ®
@ Core A
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‘Bern Il model’

(®|Migration |« > Planet-Planet | @
0, Core
A
compo-
sition
MCOI"G
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O Planet core structure

Solve internal structure equahons for the solid core

-Differentiated planet crTmTTTm T T 2100 % Ice

-Iron core, silicate mantle, ice layer (if) <2 50 % Ice, 50% rocky
-Simplified EOS. No temperature dependence.

p(P) — ,00 —l_ CPn Seager et al. 2007

or 1 P GM,
oM, 4nrlp oM, 4nrt

-Include effect of external pressure —

= —

100 % Rocky
(2/3 silicate, 1/3 iron)

Radius [Rg]

Core of an old 10
My giant planet

IIII|IIII|III.I\t'

0
0.1 1 10 100 1000
Rcore — Rcore(Mcorea firona ficea Pext)
Mass [Mg]
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O Planet core structure

Solve internal structure equahons for the solid core

T IIIIIII| T IIIIIII| T IIIIIII| T T TTTTIT
-Differentiated planet 1100 % lce
-Iron core, silicate mantle, ice layer (if) A _ 50 % Ice, 50% rocky
-Simplified EOS. No temperature dependence. - ' 1100 % Rocky
_ n = 3 71 (2/3 silicate, 1/3 iron)
p(P) - 100 + CP Seager et al. 2007 ‘;’ ] ’
=S -
< ’
or 1 OP GM, o i
oM, ~ 4nrlp oM,  4urt ] Core of an old 10
1 — My giant planet
-Include effect of external pressure - | | .
O L1 it L1 it L1 1l L1 1l
0.1 1 10 100 1000
Rcore — Rcore(Mcorea firona ficea Pext) M
ass [Mg]
5107 71—
Radiogenic core heating
-Assume chondritic mantle composition =
B 51078
— Akt — Ayt —Arnt o
Owt(?) = Qoke ™ + Qoue ™ + Qome ™™ |
1x1078
Liagio(t) = Qtot(t)fmantlefrockyMZ -
0 2 4 6 8 10
[Gyrs]
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O Planet’s internal structure: gas

In situ formation of Jupiter at 5.2 AU 400y
Ssolias = 10g/cm” @5.2AU -
TTH
M gisk ~ 0.03M 2 | :
1s © ~ | Solids
only viscosity o o}
2
Gas
Planet in contact .
with disk Planet isolated L L
< > < > 0  Time [Myr] 16
o -~ 71 0 ]
. Solids Gas '_ Total
= . . 100}
=5 0.0001 accretion accretion —_
ht) oL
Z e 2 Capture
2 =
k= 2
g 1e-06 |
3 ol Core
10— ' e B
0 Time [Myr] 16 0 Time [Myr] 16
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O Planet gas envelope structure - long term evolution

—_

o

o)
T

llllll T llllllll T llllllll T llllllll T llllllll T llllllll T TTTIT

I_max ca 3 X 10_4 I_sun

1 llllllll 1 llllllll 1 llllllll 1 llllllll 1 llllllll 1 111

Lat4.6 Gyrs: 1.8 Ly

T llllllll T llllllll T llllllll T lllllll T llllllll T llllllll T TT1T

0.1 l|||||| | |||||||| | |||||||| | |||||||| | |||||||| | |||||||| 11 i
104 10° 108 10" 108 10° 1010
Time [yrs]

Radius [Ryup]

24 F

22 F

18 F

16 |

14

1.2 F

" This work. Z=0.09, a=5.2 AU
Baraffe et al. 2008: Z=0.1, non-irradiated
Baraffe et al. 2008: Z=0.02, non-irradiated

Burrows et al. 1997: 5.2 AU, Z=solar L
] ] ] “
le+07 1e+08 1e+09 le+10
Time [YT]

see talk by M. Bonnefoy (friday)
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M | +|D disk model: gas

//T T photoevaporation

viscosity =~ —=— viscosity from Shakura&Sunyaev

\l i photoevaporation

VX
dr rﬁr[ or "

g + z:w(r) + Qplanet(r)

Viscosity Photoevaporation Planet accretion

Vertical & radial structure.

-constant o v = ac, H
-stellar irradiation included for temperature

-external photoevaporation -internal photoevaporation
, 0 | for r < B8R, 1 5 B 0 for r < Ryindg
2w,ext = é”wmd oxt otherwise w,int 2¢s 110 (7 )Uma  Otherwise
7T(’r’rnaux /8 R I)
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@ | +1D disk model
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@ |+1D disk model: solids

mass function

/\accretlon / ejection

€---- €-==- --=>
radial drift diffusion
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@ |+1D disk model: solids

. accretion ejection
mass function

- - - -
- - - -

<€-=-=-- €===" ===
radial drift diffusion
30 4
s Outer
25
2, edge of FZ
— 20
& 0
B | "t Migration
‘5 -2
S10 ~ path
-4
oL ] Inner
Iceline o | | . edgeof FZ

. o2 Aad: 2.8 58 2 Lierl Sad deih 2.8 3
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M | +|D disk model: dynamics of solids

0.1

0.01

0.001

0.0001

le—-05

le—06
5.0e+05 1.0e+06 1.5e+06

Time [years]

de de de de

= 4+ — 4+ —
dt — dt|gp  dtlysp  dt|yg,

See Poster by A. Fortier
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M | +|D disk model: dynamics of solids
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© Migration

Low mass planets (no gap, M<ca. | 00 Mearn): Type |
From Paardekooper et al. 2009

I'
Ui = ZFLR + Z I'tr+1cr & — —2Tp tot Jp — Mp(GM*’rp)l/2
2

ILR OLR

Jp

r
dt

/q 5 9o ~ dlog¥ ~ dlogT

(Co + Cra+ Cy8)g I'g = (E) Eprpr @ = dlogr ~ dlogr

Baruteau & Masset. 2008

1
Ftot —
Y
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© Migration

Low mass planets (no gap, M<ca. | 00 Mearr): Type |
From Paardekooper et al. 2009

dry, r
D=3 Tor+ 9 Tir+Ton S8 = _gp 2t ] — M (GM.r,)"/?
ILR OLR d Jp
_ 1 q 2 _ dlog X _ dlogT
ot = ;(CO e+ GO (E) p pﬂp o= dlogr ~ dlogr

Baruteau & Masset. 2008

Bryden et al. 1999

Giant planets (with gap): Type |l

eDisk dominated M, < 2%a?

daplanet

dt — Ur,gas
ePlanet dominated M, > 2%a”

k
da/pla,net L 22012 p - 1 nfuuy Suppressed”
dt o M anet Ur,gas ™7 1/2 7partially suppressed”
plan

Slow-down
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© Migration: why thermodynamics matter?

Entropy C. Baruteau Perturbed density
1.04 1.04
1.02 1.02
1.00 = 1.00
0.98 0.98
0.96 0.96
3 2 -1 0 1 2 3 3 2 -1 0 1 2 3
Y= ¥p Y= ¥p

simulation for 1/2 libration period

The exchange of fluid elements lead to an overdensity at shorter radii. This
translates into a increased torque pushing the planet outwards...

For this mechanism to work, the fluid has to remain adiabatic during the
exchange process. In other words:  Tcoor >> Tu—turn
ECVT . ZCVT h3 04

- Tu—turn ~ 1.164 | — —
Q 20T ! vq 99,

Tcool ~
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© Migration: why thermodynamics matter?

C. Baruteau

Entropy

Perturbed density
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00298
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a
8
o

simulation for 1/2 libration period

The exchange of fluid elements lead to an overdensity at shorter radii. This
translates into a increased torque pushing the planet outwards...

For this mechanism to work, the fluid has to remain adiabatic during the
exchange process. In other words:  Tcoor >> Tu—turn

h3 64
ECVT . ZCVT Tty A 1.164 [ 2=

Q 20T vq 99,

Tcool =~
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© Migration: why thermodynamics matter?
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For this mechanism to work, the fluid has to remain adiabatic during the
exchange process. In other words:  Tcoor >> Tu—turn
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Q 20T vq 99,

Tcool =~
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© Migration: why thermodynamics matter?

Unfortunately, after some time, the situation becomes much less clear and the
torques begin to saturate...

C. Baruteau
Perturbed entropy Perturbed density
1.04 1.04
1.02 1.02
1.00 1.00 &£
0.98 0.98
0.96 0.96
3020 - 0 1 2 3 30 20 -1 0 1 2 3
Y — $Pp simulation for 3 libration periods Y — $Yp

In other words, unless the viscosity re-establishes the original entropy profile

before the torques saturate, the outward migration will not last... The condition

for a sustainable outward migration is therefore given by: Tlib = > Tvisc

2
8mr D . (256 s)
Tlib = viSC
32 s 14
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© Migration: why thermodynamics matter?

Unfortunately, after some time, the situation becomes much less clear and the
torques begin to saturate...

C. Baruteau
Perturbed entropy 3 Perturbed density
) 1.04 : 1.04
4 3
s 1.02 o 1.02
3 100 || % 1.00 £
: 2 2
g o 098 §., ° 0.98
?
2 0.96 : 0.96
3 2 -1 0 1 2 3 s -3
© — Pp simulation for 3 librztion periods Y — Pp
In other words, unless the viscosity re-establishes the original entropy profile
before the torques saturate, the outward migration will not last... The condition
for a sustainable outward migration is therefore given by: Tlib = > Tvisc
2
81 T'p - (2333)
Tlib — visc —
32 s 4
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© Migration and timescales

From Paardekooper et al. 2009

Cooling?
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© Migration and timescales

From Paardekooper et al. 2009

Cooling?

Tcool < TU—turn Tcool > TU—turn
Isothermal Adiabatic

Outer disk AUs Inner disk
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© Migration and timescales

From Paardekooper et al. 2009

Cooling?
Tcool <K TU—turn Tcool > TU—turn
Isothermal Adiabatic
Outer disk AUs Inner disk

Saturation?

Tibration - Tviscous Tibration <& Tviscous

v
Unsaturated 4 Saturated
Low mass planets 10s ME | arge mass planets
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© Migration and timescales

From Paardekooper et al. 2009

Cooling?
Tcool <K TU—turn Tcool > TU—turn
Isothermal Adiabatic
Outer disk AUs Inner disk

" Saturation?

Tibration - Tviscous Tibration <& Tviscous

v
Unsaturated ? Saturated

Low mass planets 10s ME | arge mass planets
out in
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© Planet-planet interactions

Friday, March 23, 2012



© Planet-planet interactions

-Explicit N-body between planets with disk-planet interaction and collisions of planets.
-Eccentricity damping of planets (Nelson& Fogg 07), planetesimal ecc. as in Pollack et al. (96).
-Uniform planetesimal density in overlapping feeding zones.
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© Planet-planet interactions

-Explicit N-body between planets with disk-planet interaction and collisions of planets.

-Eccentricity damping of planets (Nelson& Fogg 07), planetesimal ecc. as in Pollack et al. (96).
-Uniform planetesimal density in overlapping feeding zones.

7 - 7 -
no N-body e with N-body
| 5 ' T Vi '.--\_J‘.,.,v_..“ I AN
= ° ~~ 2 |
< < ‘
o - 3:1
N q
3 2:1
1 9:2
1 R
2 6 Time [Myrs] 10 2 ® Time [Myrs] 10
Final mass [MEgarth] without N body with N body
Stud
Planet | 970 890 -SO| a?’/ Sy stem
Planet 2 975 970 -resonant systems
Planet 3 750 430 -ejection (far out planets)
Planet 4 7 4 -population synthesis
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© Planet-planet interactions

First planet FZ Second planet FZ

<

>
<

D —
Overlap

>

N-body simulations by S. Pfyffer

Uniform surface density
and excitation in the
common FZ

Planetesimal transport
to the outermost planet

The internal structures of the two planets are no more independant
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© Planet-planet interactions

First planet FZ Second planet FZ N-body simulations by S. Pfyffer

<€ >
0.4 <€ >

Uniform surface density
and excitation in the
0.2| < common FZ

oqLed DN T :

0.4

Planetesimal transport
02 — to the outermost planet

e |

The internal structures of the two planets are no more independant
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© Planet-planet interactions

First planet FZ Second planet FZ N-body simulations by S. Pfyffer

<€ >
0.4 <€ >

Uniform surface density
and excitation in the
0.2| < common FZ

oqLed DN T :

0.4

Planetesimal transport
02 — to the outermost planet

e |

The internal structures of the two planets are no more independant
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a system with three giants and one HN

cratch{CDS/C02000146/CD_00000001000009_SIM0000000000(3)(())38
10 ‘ , , .

103 R S, B .................... ................. - 2.7
c 2.4
e D 12.1

-
o
.
1
1
-
o

Mass [M earth]
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4 0.6

i ool SR ' 0.3

10 ‘ - 0.0
102 10" 10° 10° 10°
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0_1_

107 10"
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a system with three HN

Scratch{CDSIC02000146/CD_00000001000009_SIM0000000000(3)%38
10 : ‘ . .
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a system with TWO Earths at 1 AU

scratch/CDs/C DZOOO146/CD_00000001000009_SIMOOOOOOOOOOg.'(B)ZG
10 : :

L]
.
©

T

. I 11.2° Sy 1000 Me

P ;
— —
N (%)
time/le6[a)
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Mass [M earth]

0.6

10 Me o

a [AU]

1 ]

" }

107 10*

10° 10°
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a system with TWO Earths at 1 AU

scratch/CDs/CD2000146/CD_00000001000009_SIMO000000000
10 T

Mass [M_earth)

e
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w
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0326
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— =
w o
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107
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long term stability?

a [AU]

010 T T T T

008 A fe eeccccccecscccenncces ...... B
= 0.06 [ ‘ '
O 0.04}
S 0.

0.02

200, 20 40 60 80 100
0.000030 v . ,

0.000025
0.000020
0.000015
0.000010
0.000005 B

0.0000005™ 20 40 60 80 100

t [Myr]

Ll [1au]

BVVVYWWYYYYWWYWIVWWA Qn wWywwwwywwywwwwh J'.".".”.’V\:’v'v'J‘J‘."."-'\\'v'v'f."-”-".".'\a'v'v'j’u'“."."-"-'Vv'v'yf'-"."-"-'\'\"v'v'\’-"."-"i’\’\q'v'v'v'u"f YWWYWWYWVWY
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System or no system?

n/scratch/CDs/CD2000146/CD_00000001000009_SIM00000000000004

10

10? System

ol Independant
o 10 e b
£ . )
4]
0)' 3 .
@ ; ;
(1]
= 10° :

10'2_ ....................................................... ..................................................

T U S — ............... . (Tk ................

z 11 hee
Lo : k ;
107 10" 10° 10" 10°
a [AU]

Blue planets are less massive than red ones (competition)
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System or no system?

n/scratch/CDs/CD2000146/CD_00000001000009_SIM00000000000038
10 ' ] 1]

System

Independant

Mass [M_earth]

Blue planets can be more massive than red ones (sometimes)
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System or no system?

n/scratch/CDs/CD2000146/CD_00000001000009_5IM00000000000096
10 3 I l 1 1

System

Independant

Mass [M_earth])

10-4 N Y N 1 N X 1 N .
102 10 10° 10’ 102
a [AU]

Massive red planets are in general closer than blue ones
Low mass blue planets are in general closer than red ones

Friday, March 23, 2012




a-M diagram

starting with 10 planets

. with nbody

3.2
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5 @
8I £
Z 108 =
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0 (@)
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Observing Planetary Systemsl|
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4’7 UMa
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HD 183263
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HD 183263 long term evolution - 10 Myr
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a-M diagram compared with all planets

\ with Nbody

Msini [M_earth]
log10( k/[m/s] )
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Conclusions

Planet formation models have to include
- planets internal structure

- disk (solids and gas) modelisation

- their interactions
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Nplanets > N X planet
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- grav. interactions

- global planetesimal excitation
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Conclusions

Planet formation models have to include
- planets internal structure

- disk (solids and gas) modelisation

- their interactions

Nplanets > N X planet
- competition
- grav. interactions

- global planetesimal excitation

What about long term evolution?
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Conclusions

Future models will have to include
- particular approach for planetesimals
- shepperding effect
- gap in planetesimal disk

- interactions induced through the disk
- common gap

- modified migration
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Conclusions

Future models will have to include
- particular approach for planetesimals
- shepperding effect
- gap in planetesimal disk

- interactions induced through the disk
- common gap

- modified migration

POPULATION
SYNTHESIS
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O Planet gas envelope structure - long term evolution
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O Planet gas envelope structure - long term evolution
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e Attached & detached (collapse) phase: Lissauer et al. 2009 & Broeg et al. in prep well
reproduced.
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O Planet gas envelope structure - long term evolution

[ IIIII| T TT |
i : _
l.
100 & ‘| E
- Pt 1 —
- ;o : .
— L 1 1 i
P Total | ]
B ' I
2 ! I
R 10 & J A —
r p S| 3
2] : ! ]
= - ] 3
% - . ; ’
: \ ]
[0 : -
. Capture; e
0.1 1 I;IIIIIl 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| L 1111

103 104+ 10 10¢ 107" 108 10° 1010
Time [yrs]

e Attached & detached (collapse) phase: Lissauer et al. 2009 & Broeg et al. in prep well
reproduced.
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O Planet gas envelope structure - long term evolution
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e Attached & detached (collapse) phase: Lissauer et al. 2009 & Broeg et al. in prep well
reproduced.

| ong term evolution of radil agree to typically 10 % compared to Baraffe et al. or
Burrows et al. models.
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O Planet gas envelope structure - long term evolution
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reproduced.

| ong term evolution of radil agree to typically 10 % compared to Baraffe et al. or
Burrows et al. models.

* Agreement for luminosities to factor 2. Tendency to too high R and L at late times.
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O Planet gas envelope structure - equations

e.g. Bodenheimer & Pollack 1986

1-D radial structure equatiOnS (similar to stellar structure)

N\
Mass conservation

dm __ 2 dP _ Gm

ar dmrep ar 2 P Hydrostat. equilibrium
Energy conservation

d __ 2 0S dl’ __ T dP

o =4mrep (e — TW) g = B Energy transport

A
Additional energy source:
dinT : P
V=425 = min(Vad, Viad) Viad = grs0 o impacting planetesimals

(Gas accretion rate given by ability to radiate away enerqy (Tkr)
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O Planet gas envelope structure - equations

e.g. Bodenheimer & Pollack 1986

1-D radial structure equatiOnS (similar to stellar structure)

\
Mass conservation

dm __ 2 dP _  Gm

ar dmrep ar — 2P Hydrostat. equilibrium
Energy conservation

dl __ 2 oS dli' __ T dP

ar — 47r P (6 — Tg) dr — P dr Vv Energy transport

)
Additional energy source:
din T IP
V=425 =min(Vad, Viad) Viad = grm 26 impacting planetesimals

(Gas accretion rate given by ability to radiate away enerqy (Tkr)

Gas accretion rate in runaway (Mcore>~10 Mg)

Accretion rate In the disk _ 3oy oV

(flow of gas usually towards the star) de ko= VAT mﬁﬁ
Planet cannot accrete more  dMyy [ dMgppmyer .
than disk gives o = Min | == kub Mais
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O Planet gas envelope structure - boundary conditions

1. Attached phase

_ A
- low mass planets (Mcore< ca.10-20 MEgarth) R = Wfﬁ P = Puep
- pre gas runaway accretion 7 = max(puepinn R, 2/3) Ty = orking
- structure goes §moothly to Hill or accretion radius 74 _ T, + T, I(R) = Lmt)
- boundary conditions: background nebula
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O Planet gas envelope structure - boundary conditions

1. Attached phase

_ A
- low mass planets (Mcore< ca.10-20 Meartn) R = W:Jfﬁ P = Fuen
- pre gas runaway accretion 7 = max(pnebfineb By 2/3)  Ting = ST ling
- structure goes smoothly to Hill or accretion radius 4 — | 74 [(R) = Lint.
- boundary conditions: background nebula
: : )
— 1/2
2. Detached phase Moy = M vg = [2GM (1/R —1/Ri)]"/
- gas runaway accretion P=P 52 7 = max(pnebFneb R, 2/3)
- structure has a free outer radius T = ;”;5;55 T = (1— AT, + T

- rapid collapse of radius to ~2 Ry w )

- upper boundary: accretion shock
- high mass planets
- disk and gap formation regulate dMxy/dt
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O Planet gas envelope structure - boundary conditions

1. Attached phase

_ N

- low mass planets (Mcore< ca.10-20 Mearth) R = W:Jfﬁ P = Pep
- pre gas runaway accretion 7 = max(pnebFneb R, 2/3) T = S;OL,R?S
- structure goes §moothly to Hill or accretion radius 74 _ T, + T, I(R) = Lint)
- boundary conditions: background nebula

Mxy =M 1/9)

2. Detached phase XY = M vg = [2GM (1/R — 1/Ry))

- gas runaway accretion P = Pub+ 125508 + 32 7 = max(puehFineb R, 2/3)
- structure has a free outer radius T = g’;ﬁ}%‘% T4 = (1 - AT, + T2

- rapid collapse of radius to ~2 Ry mt
- upper boundary: accretion shock
- high mass planets

- disk and gap formation regulate dMxy/dt

3. Evolution M=cst.

- Eddington approximation (gray atmosphere)

__2g 4 _  Lintg
P 3k ,Tint _ 471'(171}%2

_1
Tequi = 280K (LZU) 2 (M) T = (1 - A)Télqui +

T4

int
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O Planet gas envelope structure - boundary conditions

1. Attached phase

_ N
- low mass planets (Mcore< ca.10-20 Mearth) R = W:Jfﬁ P = Pyev
- pre gas runaway accretion | 7 = max(pPnebFneb LT, 2/3) T = S;OL-R?S
- structure goes §moothly to Hill or accretion radius 74 _ T, + T, I(R) = Lint)
- boundary conditions: background nebula
: : N
_ 1/2
2. Detached phase Mxy =M, vp = [2GM (1/R —1/Ru)]"
- gas runavxk/]ay acfcretion ] P = Pub+ 125508 + 32 7 = max(puehFineb R, 2/3)
- structure has a free outer radius 74 _ 37Lip 4 4 4
int — SroR2 T =(1-A)T T.
- rapid collapse of radius to ~2 Ry ¢ 8ol ( JTnet, + Tine Yy,
- upper boundary: accretion shock 2 '
- high mass planets N
- disk and gap formation regulate dMxy/dt —
3. Evolution M=cst. g
- Eddington approximation (gray atmosphere) < N
2 Lin F
P = % Tiit = Irob? 2
o a \—3 ( M. 4 _ (1 4 4 . . S ,
Tequl = 280K (1AU) ’ (MG) 1" = (1 A)Teq“i + Ling : 0 500 1000 1500 2000 2500 3000

T [K]
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a system with two giants and one SE
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a system with two giants and many HSE
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a system with two giants, no SE, no HN
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a system with four SE
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a-M diagram

starting with 10 planets

. with nbody

3.2

12.4
- 11.6 =
5 @
8I £
Z 108 =
I= S
0 (@)
= gs!

a [AU]

Friday, March 23, 2012



10 vs 20 planets

starting with 20 planets

. with nbody
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stability of the Trojan planets
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