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Kiel, Sep, 9th  

Planet -      
Disk - 
Interaction

Hubert Klahr,  
Max-Planck-Institut für Astronomie, Heidelberg 
Aiara Lobo Gomes, Kai-Martin Dittkrist, Christoph Mordasini, Mario Flock (Saclay), 
Ana Uribe (Chicago), Willy Kley (Tübingen), Bertram Bitsch (Lund) 
!
add. material: O. Gressel, G. Lesur, M. Kunz, A. Crida 
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Outline:

• Motivation - Planet Formation / 
Evolution on the mass/distance 
diagram 

• Migration of planets type 1, 2, … 

• Role of turbulence (viscosity) 
–status of magnetic instabilities 
–status of non-magnetic instabilities 

• Role of radiation transport (thermal 
relaxation time) 

• Summary / Outlook

“Migration and 
Gas Accretion”
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... a 
miracle 
occurs
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t = 103-104 yrs t = 105 yrs

t = 105-106 yrst = 105-106 yrs  t = 106-107 yrs

a. Turbulent disk   b. Hit and stick                     c. Gravotubulent fragmentation

d. Gravitational focusing               e. Gas accretion                            f. Migration and scattering

The planetary construction plant.



12/13/2009 Hubert Klahr - Planet Formation - 
MPIA Heidelberg

6

Synthetic Populations...

...to explore the importance 
of metallicity, stellar mass, 
etc...

...and to test the individual 
modeling steps of planet 
formation by comparison to 
observations.
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Jupiter mass at 5AU


3D radiation hydro of planet disk interaction with the TRAMP code.


Van Leer Hydro plus flux limited diffusion at 100x200x25 grid cells:


domain: 1.25 AU < r < 25 AU
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Types of migration

• Type I:  low mass planets: no gap


!

• Type II: high mass planets: gap  


!

• Type III: medium mass planet but 
massive disk



!

See Baruteau et al. PPVI
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Type I migration:
• Planet’s gravity generates spiral patterns in 

the disk gas


• These spirals exert torque on planet because 

they are not rot. symmetric:


– Inner spiral wave put ang. mom. on planet


– Outer spiral wave takes ang. mom. from planet



• Outer spiral dominates: inward migration

by Frederic Masset
+


-
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iBasic Picture: Tides in 
the earth moon system.
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• Angular momentum transport from earth spin to moon 
orbit!!

• Outward migration of the moon!!
• The role of viscosity of the earth!
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Moon is moving away…

•  Today: 384.400 km


•  4527 Million Years 

ago: 60.000 km
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Slide by A. Crida
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^

Kley, Bitsch and Klahr, 2009, etc….



17Better solution than fudge factor in migration rate!



•:

18

Torques and Gas 
accretion depend on 
dust size / abundance!  
Klahr and Lin in prep.
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Uribe et al 2011: Planet Migration in 
3D Global MHD runs...

19
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Uribe et al 2011: Planet Migration in 3D  
Global MHD runs... Outward migration even for isothermal cases:  

Reason - Local positive pressure gradient.
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Magneto Rotational Instability (MRI) 
drives turbulence in accretion disks

Simulation by Mario Flock using the Pluto code.
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From ideal to non-ideal 
MHD

24
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From ideal to non-ideal 
MHD
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α

29

Ohmic:

  Ohmic 

+Ambipolar:

   Ohmic 

+ Ambipolar

+ Hall:

α - Maxwell Stress

Effects on Planet Migration? Role of Zonal flows?
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Three new Hydro 
Instabilities:

•Vertical Shear / Goldreich-Schubert-
Fricke instability (Nelson, Gressel & 
Umurhan 2013)


•Critical Layer Instability/Zombie 
Vortices (Marcus et al 2013)


•Convective Overstability (Klahr and 
Hubbard 2014, Lyra 2014)

30
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2D axissymetric Disk vertically isothermal yet radial temp. gradient:

31

Modification of Solberg-Hoiland Criterion, including thermal relaxation: 
In collaboration with Alexander Hubbard 

Or instantanous cooling: Goldreich & Schubert 1967 - Fricke 1968 Instability
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Convective Overstability for Ωτ ≈ 10  
Klahr and Hubbard 2014

32
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Convective Overstability for Ωτ ≈ 10  
Klahr and Hubbard 2014

33
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Klahr and Hubbard 2014
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Three new Hydro 
Instabilities:

• Vertical Shear / Goldreich-Schubert-Fricke 
instability (Nelson, Gressel & Umurhan 2013)


• Critical Layer Instability/Zombie Vortices (Marcus 
et al 2013)


• Convective Overstability (Subcritical Baroclinic 
Instability) (Klahr and Hubbard 2014, Lyra 2014)


What is their interaction with non-ideal 
MHD?

What is their effect on Planet migration?

Migration models are only as good as 

37
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Auch 
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Auch Jupiter und 
Saturn könnten 
gewandert sein!

!
Erst rein, dann 
wieder raus... ;)
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A low mass for Mars from Jupiter’s early gas-driven 
migration

• Kevin J. Walsh, Alessandro Morbidelli, Sean N. Raymond, David P. O'Brien & Avi M. Mandell


Nature 475, 206–209 (14 July 2011) doi:10.1038/nature10201

Received 01 September 2010 Accepted 01 April 2011 Published online 05 June 2011

Geburstshilfe 
für die 
terresttrischen 
Planeten:
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Height and temperature of photosphere for disk emission 


in the case of irradiation from the central object:


Flux limited diffusion plus ray tracing during the hydro run!



11/15/2011 Hubert Klahr - Planet Formation - 
MPIA Heidelberg

Scattered light and photosphere for irradiation:
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Test of Radiation transport:  
scattered light/role of inner disk

TRAMP (Radiation- Hydro) MC3D (S. Wolf)
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Test of Radiation transport:  
scattered light

scattered light emitted light
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Conclusions:

•Quantitative Details of Planet-Disk interaction 
can be tested by comparing Population 
Synthesis vs. Observed planetary populations. 
•Many details of migration are understood, but 
the turbulent state and pressure profile of disks 
is unclear. 
•Planet migration and gas accretion in turbulent 
disks still contain many addressable questions.

44


