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Planet formation

The role of gas and dust dynamics in the

evolution of protoplanetary disks



Planet formation

Kant-Laplace Nebular Hypothesis  (1755-1795)
• Formation of a disk around a contracting nebular

• Early ideas of protoplanetary disk



Bill Saxton, NRAO/AUI/NSF
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Review chapter and book

PROTOSTARS & PLANETS VI



Burrows et al. 1996

Optical (~0.5 %m)

Hubble Space Telescope

Advanced observations

Avenhaus et al. 2018

Near Infrared (~ 2%m) Radio (~ mm)

HLTau

Partnership et al. 2015

ESONASA ESO

VLT-SPHERE ALMA
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Small grains reveal the gas disk structure
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Pressure gradient

Gravity Centrif.

How to prevent 

the radial drift ?

Planet formation

Protoplanetary disks

dust evolution



Gravity Centrif.

Possible solution:

Pebble trap
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Theoretical models of accretion disks are crucial to 

understand the gas and dust evolution

Planet formation

Protoplanetary disks
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Planet formation

How to enable gas accretion?

Von Weizsäcker 1948

Lüst 1952

Shakura & Sunyaev 1973

Balbus & Hawley 1991

a =

gas evolution

Protoplanetary disks

The magneto-rotational instability (MRI)

generates turbulence



Gravity

Centrifugal + pressure gradient

Rotation speed

MRI

Planet formation
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• Weak magnetic field ( b >10 )

• Shear 

• High enough ionization

Planet formation

MRI
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Global 3D MHD simulations 

Planet formation

How do dust grains grow 

to planetary bodies?

Which instabilities control 

the gas dynamics?

+ Many scales and physics

+ Less boundary effects

- Computationally expensive

- Difficult to perform 
(only few groups Princeton, Tokyo, Santa Barbara) 



-The non-linear dynamics in disks

-Dust concentration at the transition regions

Research



Research

Flock et al. 2010 A&A

First finite volume method for global 

3D simulations of magnetized disks
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Closure ! = #$
%&

Ideal MHD equations

Flock et al. 2010 A&A

∇ ( ) = 0 is difficult to sustain

First finite volume method for global 

3D simulations of magnetized disks

Research



Closure ! = #$
%&

Ideal MHD equations

Flock et al. 2010 A&A Grid cell and interface

∇ ( ) = 0 with hybrid scheme: 

update magnetic field at cell interface

First finite volume method for global 

3D simulations of magnetized disks

Research



Closure ! = #$
%&

Ideal MHD equations

• Conservation of mass, momentum energy and 

∇ ( ) = 0 at machine accuracy

• Second order in time and space 

• Shock capturing (Riemann problem at cell interface)

PLUTO code (Mignone et al. 2007)

Flock et al. 2010 A&A

First finite volume method for global 

3D simulations of magnetized disks

Research
Grid cell and interface



Flock et al. 2011 ApJ

Detail and long-term study of the MRI in the non-linear regime

Accretion disk setup

- radial and vertical density stratification

- toroidal magnetic field (b=25)

- outflow boundary condition

- spherical geometry 

Research



Flock et al. 2011 ApJ

Detail and long-term study of the MRI in the non-linear regime
RMS velocity [Mach]

R/q/F

384x192x768

10 M CPU h 

on BlueGene/P 

Research

Similar model and resolution 

by Zhu & Stone 2018



Research
Flock et al. 2011 ApJ

Detail and long-term study of the MRI in the non-linear regime

• Steady state a value of 0.1 to 0.01

• Strong vertical gradient of turbulent activity



Radiation magneto-hydrodynamical equations 

Flock et al. 2013 A&A

Research



Radiation magneto-hydrodynamical equations 

Flux-limited diffusion + irradiation 

- implicit time integration 

- BICGStab to solve the matrix inversion

Flock et al. 2013 A&A

Research



3D radiation magneto-hydrodynamical 

simulations + irradiation

Flock et al. 2013 A&A

Research



Flock et al. 2013 A&A

Research

• New turbulence level 

• Realistic temperature profile 

• Enables to compare 

with observations



-The non-linear dynamics in disks

-Dust concentration at the transition regions

Research
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Flock et al. 2015 A&A 

Global 3D non-ideal MHD simulations

Research
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Surface density

Global 3D non-ideal MHD simulations
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Flock et al. 2015 A&A 

Surface density

Global 3D non-ideal MHD simulations
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=0              concentration of grains

Research



Ruge, Flock et al. 2016 A&A

Gas and dust global 3D MHD simulations

Research



Ruge, Flock et al. 2016 A&A

Synthetic ALMA observation of the global model

Research



Magnetic effects can cause dust concentrations 

and ring formation

Partnership et al. 2015 ApJL

Ruge, Flock et al. 2016 A&A

Research

Synthetic ALMA observation of the global model



T > 1000 K

Low ionization

dust

gas

FUV, Cosmic Ray ionization

‘Dead-zone’ regionsResearch

‘Dead-zone’



Flock et al. 2020 ApJ

Flores-Rivera, Flock et al. 2020 A&A

Research Vertical shear instability in low ionized disks

High-resolution 2D hydrodynamical simulations

Line integral convolution 

(LIC)



Research

Flock et al. 2016 ApJ

Flock et al. 2017 ApJ

Flock et al. 2019 A&A

The inner disk as birthplaces of planets
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The inner disk as birthplaces of planetsFlock et al. 2016 ApJ

Flock et al. 2017 ApJ

Flock et al. 2019 A&A

First 3D radiation non-ideal MHD models

including dust sublimation



The inner disk as birthplaces of planets
• Global 2D radiation hydrodynamical simulations including dust sublimation

• Dust density fully linked to radiation transfer

• Axisymmetric solution

• Search for pebble traps

Research

Flock et al. 2016 ApJ

Flock et al. 2017 ApJ

Flock et al. 2019 A&A



Research

The inner disk as birthplaces of planetsFlock et al. 2016 ApJ

Flock et al. 2017 ApJ

Flock et al. 2019 A&A

First 3D radiation non-ideal MHD models
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Migration map

Pebble trap

Period [days]

Pebble isolation mass

Gap opening mass

Migration



The inner disk as birthplaces of planets

Flock et al. 2019 A&A

Research



Flock et al. 2019 A&A

Research

The inner disk as birthplaces of planets



Pleiades, NASA
3D MHD simulation

Flock et al. 2011

Summary
Planet formation in circumstellar disks

• Turbulence and ionization transition zones 

set the birthplace of proto-planets

• Advanced observations to see 

planet formation in action 




