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664 planetary systems 

842 planets 

2300 candidates 
(Kepler) 

124 multiple planetary 
systems (from 
http://exoplanet.eu) 

Planets are everywhere! 





THE STANDARD MODEL OF  
PLANET FORMATION 



The standard model of planet formation 

Recent Plugins 

Protostar +Disk 

Planetesimal formation by 
dust coagulation or G-
instability 

Formation of Terrestrial 
planets and core of giant 
planets (subsequent gas 
infall) by planetesimal 
accumulation 

Gas dissipation – final 
planetary system 

 P-P scattering 
 Residual planetesimal 
scattering 
 Tidal interaction with the star 

 Planet migration 
 P-P scattering 



DISKS ARE THE CRADLES 
          OF PLANETS 





Protostellar disks: gas and dust (1/100 ratio) 

The initial evolution of the disk is 
quite turbulent (gas and dust infall 
from the envelope, jets...) but it is 
followed by.... 

….. a more quiet state 

M
d
 ~ 0.003 – 0.3 M

S 





GM Aur disk. Top: infrared excess. 
Bottom: coronograpic image from HST. 

R~ 300 AU M=0.01 M
S. 

The disk is 
truncated inside, the SED has a dip. 

HST images of 
circumstellar disks 
around T-Tauri stars 

Disk in a binary 
system L1551-

IRS5 by 
Rodriguez et al. 
(1993)  imaged 
in the radio to 
see the dust. 





Standard power law disk model 
Beckwith et al. (1990) 
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Solar type stars, R
0 

= 1 AU 

𝛴0 ≈ 102 − 104 𝑔 ܿ݉2  

q ~ -1/2, -1, -3/2 ….. 
p ~ -1/2, -3/4, -3/7..... 





MMSN (circumstellar disk of the solar system) 

 

- High temperature (terrestrial planet region) : T > 170 K md/mg ~ 1/240 
  

- Low temperature (giant planets region) : T < 170 K   md/mg ~ 1/60 

The 'minimum' mass i calculated as follows: 
- high Z in terrestrial planets ~ 2 ME 
- high Z in giant planets ~ 80 ME 
 
MMSN ~ 2*240 + 80 *60 ~ 0.016 M_s 
 
Minimum since 100% efficiency is assumed in the planet formation process. 

Snow line 



Deusch 2007 

MMSN 

Nice model: the disk is  
4 times more massive 
than the MMSN 

Solar nebula models 



Vertical structure:   
 
h = scale height = H/R  usually is 
around 0.05 for flat disks but the 
disk can be flared and h can grow 
going outwards 

Thermal equilibrium: 
 
 Viscous heating 
 Stellar irradiation 
 Radiative cooling 

Viscous evolution: 
dM/dt ~ 10-8 M

s 
/year 
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Navier Stokes equations of 
fluid dynamics + energy 
equation. 
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+ 𝛁 ⋅ ρ𝐮 = 0 

Hydrodynamical codes on fixed mesh  (Eulerian approach) 

SPH  codes (Lagrangian approach) 

MPI, OPEMP, CUDA 



Long term disk evolution: viscous 
evolution and photoevaporation. 
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One-dimensional approximated continuity 
equation (Thin, axis-symmetric disk, 
isothermal approximation, vertical 
equilibrium, tangential velocity = Keplerian 
velocity) with viscosity  and  photo-
evaporation term due to FUV, EUV and X-
rays. 

LIFETIME:  3-10 Myr 

Inner hole formation  like in GM Aur 



PLANETESIMALS, WHAT A MESS …... 



Why the 
planetesimal 
theory? 

 Dust  (zodiacal light, 
circumstellar disks) 
 Asteroids 
 Comets 

10-4 - 10-5  cm 

105 – 108 cm 

Planetesimals (1-10 km): 
gravity dominates 
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Planets 





Two major problems in forming 
planetesimals from dust coagulation: 

1) The sticking process: collisions lead to 
growth or erosion?   
 
2) The meter size barrier: dust migrates 
towards the star. Too fast? 



Possible collisional outcomes of dust particle collisions  
(Guttler et al. 2010) 



  Aggregation 

Fragmentation 



Relative velocity between dust particles is given by the 
following contributes: 
 
 

1) Brownian motion: 𝑣ݐℎ =
8K𝐵𝑇
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2) Differential vertical settling 𝐹𝐷 = −
4π

3
ℎ𝑣 𝐹𝐷ݐ2𝑣ݏߩ 𝐺ܨ= =݉Ω

2𝑧 

𝑣݈݁ݐݐ݁ݏ =
𝜌𝑑
𝜌𝑔

𝑠

𝑣ݐℎ
Ω2𝑧 

3) Differential radial drift 𝑣݈ܽ݅݀ܽݎ = −𝜂
𝜌𝑑
𝜌𝑔

𝑠

𝑣ݐℎ
Ω2𝑅 

4) Turbulence 

Mean thermal speed 

rg~10-9 g cm-3   rd~103 g cm-3   vth ~ 105 cm s-1 

balancing 



Relative velocity for equal size particles (left) and different 
size particles (1/100 in diameter, right)  from Zsom et al. 2010. 



Wurm & Blum 2008 

Accretion appears not to be possible beyond about 10 cm. The 
relative velocity grows too much and bouncing and 

fragmentation dominate. 

Possible enhancing factors: 
 Electric runaway growth: 

charged particles attract (dipole 
charging) 
 Aerodynamic reaccretion: 

fragments reaccreted because 
they feel more the gas friction 
 Magnetic forces 
 Organic material has stronger 

sticking properties 



The meter-size barrier 

𝑣݈ܽ݅݀ܽݎ = ߟ0.5− �ܸ� 

The drift velocity becomes very large when s > 10 cm. 
Timscale to fall on the star of the order of 103 yrs. 

 Planetesimal formation must be rapid 
 Radial redistribution of material occurs 



Shortcut: gravitational instability but there is the KH instability. 

Dust and gas interact and the gas is dragged by the dust -< instability 

However, if the density of the dust is high enough, GI can occur anyway.... 



Streaming instability by 
Johansen & Youdin. 

Coupling term in N-S equations 
of the form 

K (v
g
 – v

d
)   Clumping of particles 

lead to the formation of large 
bodies. From cm-size pebbles to 

bodies 100-200 km in size.   
Instability due to back-reaction of 
dust on gas.  Outcome of pencil 

code. 

Direct formation of large 
bodies skipping the 1-10 

km size phase 



Possible 
different 
mechanisms 
for 
planetesimal 
formation. 





Planetesimal formation and size distribution: big or small? 

Morbidelli et al. (Icarus 
2009): streaming 
instability (Youdin & 
Johansen, 2007) or MRI 
lead to the formation of 
large planetesimals 100, 
1000 km in size by 
turbulent motion. This 
explains the present 
asteroid size distribution 
(bump at 100 km) 

Weidenschilling (2009, 2011): 
an initial population of  small 
planetesimals (d = 0.1 km) can 
reproduce, with standard 
model of dust coagulation and 
planetesimal accumulation,  
the present asteroid size 
distribution including the 
bump at 100 km. Bump is due 
to mass-dependent growth 
regimes. 

MB asteroids, Trojans and KBOs are planetesimals. 

Planetary embryos 
(Moon-Mars size)  
cleared by Jupiter & 
mutual perturbations 



Streaming instability: solids as a fluid with no pressure terms. 
Coupling with gas given by gas drag   k (u – w)   with u gas 
velocity and w solid velocity. 
 
 
Problem with Morbidelli et al. They claim that it is not possible 
to form the bump starting from small planetesimals 0.1-1 km 
in diameter. They neglected a term in their model. 

M-size catastrophe 
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Radial drfit  velocity  peaks  at 
this size: only 100 yr to reach 
the star 

Mass dependent growth regimes: 
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Planetesimal formation is stil an open problem, in particular concerning the mechanisms that built them up and their initial size 

...concluding.... 

I do not remember how I made that ….. 



PLANETS AFTER ALL.... 



From planetesimals to planets: terrestrial planets 

Planetesimals 
to protoplanets 
(105-106 yrs) 

At 1 AU: 
0.06 M

E 

At 5 AU: 
1-5 M

E 

Protoplanets to 
planets (10-100 
Myr): giant impact 
phase. 

 
 

Reymond (2008) 



Giant planets: the Core-accretion model 

0.2/0.6 M_Earth 



Core: planetesimal accumulation by impacts 

Envelope 

Source of heat for the envelope: planetesimal capture by the growing planet with extended envelope 



Classical models  (Pollack et al. 1996): timescale too long in spite of high initial disk density (4 MMSN). For lower density, the disk dissipates before the formation of the planet. 

Improved models (Alibert, Mordasini & Benz, University of Bern)   
 
1)  Opacity in envelope is reduced by dust coagulation (high density) and sinking. The core cool down more quickly 
 
2) Gas driven migration refill feeding zones of planets 



Faster formation of giant planets! 

. Alibert et al. (2005)   
semianalytical model 

* Upper line: mass accreted from 
planetesimals 
* Bottom line from gas      
* Continuous line: started at 8 AU, 
* Dotted: at 15 AU (all end up at 5 AU). 
* Dashed line: in situ model (no 
migration) 

Type I migration (reduced by a 
factor 10-100) 

Type II migration (when gap is 
opened) 



Red: type I migration 
Blue: type II migration 
Green: braking when the disk dissipates 

Prediction of the existence of a large number of Neptune size (or super-Earth) planets! 



Mordasini et al. (2009) 

Lots of terrestrial planets and super-Earths. 

BIG PROBLEM: ECCENTRICITY DISTRIBUTION!!! 



• HD 209458b: M = 0.69 MJ  R= 1.42 ± 0.17 RJ                                           

ρ = 0.31 ± 0.07 g/cm3  T ~ 1200 K 

• OGLE-TR-132b:  M = 1.19 ± 0.13 MJ    R= 1.13 ± 0.08 RJ                                   

ρ = 1.01 ± 0.09 g/cm3 

•                                

Neptunian planets (super Earths): 

• Gliese 436b: M = 0.072  MJ  R= 0.38 ± 0.01 RJ  (~ 23 M
E
)                        

ρ = 2.0 ± 0.07 g/cm3                          

Gasesous giants: 

M
J
 = 1.898 1027 kg, R

J
= 69911 (medio)  km, ρ

J
 = 1.33 g/cm3 



AND IN BINARY STAR SYSTEMS? 



Planet formation in binary stars..... 



...however, we know there are planets in binaries..... 

  

Gamma Cephei, Gliese 86, HD 41004, Alpha Cen (?)...... 



Alpha Cen. 

16 Kepler 



~40 planets in 

binaries 

(jan.2007) 

(Desidera & 
Barbieri, 2007) 



Circumbinary planets detected so far 

. 



Pierens & Nelson (2008)  Saturn mass planets are best candidates on stable orbits in circumbinary systems. They move in between the 4:1 an 5:1 resonances. 

Planet migration of a 1 MJ planet 

Planets with masses equal or larger than 1 Jupiter mass are either ejected from the system or thrown in the outer edges of the disk 



1) Lifetime of the disk, shorter than around single stars 
    The tidal truncation of the disk may not only limits the 
    amount of mass available for planet formation but it 
    also reduces the lifetime of the disk (Cieza, 2009, 
    Kraus et al., 2011). 
 

3) Spiral waves and disk eccentricity excited by the 
    companion star do affect the planetesimal accretion 
    process by increasing the mutual impact  velocities 
    of the planetesimals. 
 
4) Perturbations enhance viscosity and this leads 
    to higher temperature. Difficult to condese ices 
    and form cores of giant planets. 

Planet (and planetesimals) formation in 
binaries: 3 problems: 





Formation and evolution of planets in binary star systems: a 
complex problem. 

Marzari et al. (2010, 2012) 

The orbits of 
planetesimals are strongly 
perturbed and collisions 
may favor fragmentation 
rather than accretion 



Alpha Centauri  (taken from Thebault et al. 2008) 

Small 
planetesimals: 
accretion is on 
jeopardy 
because of large 
relative 
velocities 

Big 
planetesimals: 
the situation is 
much nicer 



Are planetesimals born big or small? 



3-D simulations of disks in binaries: shock bores cause hydraulic jumps. This might prevent settling of dust and formation of planetesimals. 



Circumbinary disks have been observed: DQ Tau, AK Sco, GW Ori, GG 
Tau.. They are invoked to feed circumstellar  disks in binaries and grant 
them a longer lifetime against viscous evolution. 

Modeling of the GG-Tau circumbinary torus+disk 



Planetesimal accumulation: axisymmetric approximation  
(Meschiari 2012; Paardekooper et al. 2012). 

Accretion is 
possible in the dark 

grey regions. 

Moriwaki & 
Nakagawa (2004) 
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Paardekooper et al (2012) 



Evolution of the eccentricity and perihelion 
longitude vs. semimajor axis over 104 yrs for 10 km 
size planetesimals. 

Final time ~ 104 yrs 



Impact velocities are high in particular close to 
the binary where the disk is more perturbed. In 
between 2-4 AU the planetesimal disk is depleted 
due to the fast inward migration caused by the 
large eccentricity.   



Difficulties in handling the problem 

● The parameter space is HUGE: orbital 
parameters of the binary (a,e,i), mass ratio, 
planetesimal sizes and initial orbits, disk 
properties... 

●Only a few planetesiml trajectories can be computed 

●The disk evolves with time so it is 
difficult to get a stationary state 
(self gravity seems to help). Also 
the binary orbits evolves.  At 
which stage of the system shall we 
insert planetesimals? 

Marzari et al. (2009) 



..THE FINAL MESSAGE IS.... 



 

 We do not have a complete model including 
all relevant issues in planet formation like 
growth, migration, planet scattering, disk 
dissipation... (giant planets should not exist... 
Mordasini et al. 2012) 

 There is not a convincing theory about 
planetesimal formation 

 3D modeling o disks is time consuming and 
all models rely on 2D averaged models. 

 Disk modeling do not include dust, only gas 

 Difficult to interpret data with models 
because of bias. 

 Planets in binaries: most should not exist..... 

 We have no idea of the inner composition of 
these planets. 

. 


