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Protoplanetary Disks 







 
Planet formation 

 must happen within 
10 million years 

Take-home message #1: 





 
Planet formation timeline 

 

 
(a)   Collapse of gas cloud (t = 0) 

n ~ 104 – 105 cm-3      T ~ 10K 
 
 
 

(b) Protostar with disk (t ~ 0.1 - 1 Myr) 
n ~ 105 – 108 cm-3     T ~ 10-300 K  

 
 

(c) Planet Formation (t ~ 1-10 Myr) 
n ~ 1014 – 1015 cm-3    T ~ 10-1000 K  

 
 

(d) Disk evaporation (t ~ 10 Myr)  
 
 
 

(e) Leftover disk of dust and debris (t > 10 Myr) 
n ~ 10-100 cm-3 

 
 

(f) TA-DAH !!! 





















 
Inward of snowline 

 
Rocky material 

(small) 
 

 
Outward of snowline 

 
Ice comes to assist! 

 
Growing big 

icy/rocky cores 
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(f) TA-DAH !!! 

… a miracle happens … 



 
The planetesimal hypothesis 

 

 
How do planetesimals accrete?? 

 



The planetesimal hypothesis 

From dust to rocks 
µm -> cm:  Intermolecular forces cause sticking 

 
From rocks to planetesimals 
cm -> km: A miracle happens 

 
From planetesimals to protoplanets 
km -> 1000 km: gravitational focusing 
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Hit-and-Stick? 



Particle drift 

Low 



 
Dust  

 moves toward  
high pressure regions 

Take-home message #2: 



Hit-and-Stick? 



Turbulence Turbulence 



Turbulence 

Credit: Mario Flock (MPIA) 



Particle drift 

Low 



Pressure Trap 

P: Particles 
G: Gas 
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Direction of particle acceleration 

Direction of gas acceleration 

Star 

High pressure ring 

 
Adapted from Whipple (1972) 



Pressure Trap 

High pressure regions 



Turbulence concentrates solids mechanically in pressure maxima 

Lyra et al. (2008a) 



Gravitational collapse into planetesimals 

Credit; Anders Johansen 
(Johansen et al. 2007) 



The turbulence is a result of unstable equilibrium. 



The instability mechanism is magnetic 

Faster 
Rotation 

Slower 
Rotation 

Magnetized disk 
Lyra et al. (2008a) 









Ionized gas couples to magnetic fields 



The instability mechanism is magnetic 

Magnetic field lines have tension 

Faster 
Rotation 

Slower 
Rotation 

Magnetized disk 
Lyra et al. (2008a) 



Disks are not fully ionized 

Ionized by 
high temperature 

Ionized by 
stellar X-rays 

Turbulent (active) layer 

Non-turbulent  
(dead) zone 

Layered structure 



A simple dead zone model 
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Lyra et al. (2008b) 





Kelvin-Helmholtz Instability 



Tea-leaf effect 

Particles sink to the center 



Tea-leaf effect 

Particles sink to the center 

Credit: Natalie Raettig 







Baroclinic Instability – Excitation and self-sustenance of vortices 

Sketch of the 
Baroclinic Instability  

compression 

stretching 

baroclinicity 

dissipation advection 

Armitage (2010) 
Lyra & Klahr (2011) 

 

1. Radial entropy gradient 
 

2. Thermal diffusion 
 



“Elliptic” Instability 

Infinitely elongated vortices are equivalent to shear flows.  
 

They are subject to an MRI-like instability when magnetized.  

Magnetic Field 

Gr
ow

th
 r

at
e 

Hydrodynamic 
instability (B=0) 

Lesur & Papaloizou (2010) 
 

See also 
Pierrehumbert 1986 

Bayly 1986 
Kerswell 2002 

Lesur & Papaloizoy 2009 
Lesur & Papaloizou 2010 

Lyra & Klahr 2011 
Lyra 2013 
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Realistic Active/Dead zone boundary 

Lyra & Mac Low (2012) 



Active/dead zone boundary 

Magnetized inner disk + resistive outer disk 
Lyra & Mac Low (2012) 



A possible detection of vortices in disks? 

Observations 
 

Brown et al. (2009) 
 

Models 
Simulated observations 

of Rossby vortices 
 

Regaly et al. (2012) 



A possible huge vortex observed with ALMA 

van der Marel et al. 2013 
  



The Oph IRS 48 “dust trap” 

asymmetric 
mm dust 
at 63 AU 

Gas detection: 
Keplerian rotation 

Micron-sized 
dust follows gas 

van der Marel et al. (2013) 



Outer dead zone transition fails to produce dust traps  

The outer dead zone transition in ionization is  
TOO SMOOTH  

to generate an KH-unstable bump. 

Dzyurkevitch et al (2013) 

Armitage (2010) 



Spirals in disks 

Muto et al. (2012) 
Favored explanation: planets. 



Outer active zone/inner dead zone transition 

The outer active/dead zone transition is  
TOO SMOOTH  

to generate an RWI-unstable bump. 
 
 
 

Waves from turbulent zone propagate 
into dead zone as SPIRALS. 



Inner dead zone + Outer active zone model 

Moderately high resolution (32/H in the midplane),  
realistic resistivities. 

 
Yes, a spiral propagates into the dead zone. 

But a vortex forms anyway.   



Conclusions 

•  Planet formation in the active zone may occur through turbulence. 

•  Planet formation in the dead zone may occur through vortices. 

 
•  There are two ways to generate vortices 

•  Kelvin-Helhmoltz (Rossby wave) – happens at active/dead 
transitions 

•  Baroclinic instability – happens in the bulk of the dead zone 
 
  

•  Observations are finally becoming able to provide constrains to the 
theory 
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