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Accretion in disks occurs via turbulent viscosity 

Turbulence in disks is enabled by  
the Magneto-Rotational Instability 
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Magneto-Rotational Instability 

Video credit: Mario Flock (MPIA/CEA) 
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Adapted from Whipple (1972) 



Pressure Trap 

High pressure regions 



Turbulence concentrates solids mechanically in pressure maxima 

Lyra et al. (2008a) 



Gravitational collapse into planetesimals 

Johansen et al. (2007) 



Dead zones are robust features of accretion disks 

Disks are cold and thus poorly ionized  
(Blaes & Balbus 1994) 

 
Therefore, accretion is layered (Gammie 1996) 

 
There should be a magnetized, active zone,  

and a non-magnetic, dead zone. 

Armitage (2010, 
after Gammie 1996) 



Active/Dead zone boundary 

Lyra & Mac Low (2012) 







Sustaining vortices 

replenish 





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

Active/Dead zone boundary 



 
Elliptic instability 

Infinitely elongated vortices are equivalent to shear flows.  
 

They are subject to an MRI-like instability when magnetized.  
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Lyra & Mac Low (2012) 





A new >100,000 proc supercluster - Stampede 



Baroclinic Instability – Excitation and self-sustenance of vortices 
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1. Radial entropy gradient 
 

2. Thermal diffusion 
 



Baroclinic Instability – Excitation and self-sustenance of vortices 

Sketch of the 
Baroclinic Instability  

compression 

stretching 

baroclinicity 

dissipation advection 

Armitage (2010) 
Lyra & Klahr (2011) 



Turbulent eddies concentrate solids, 
turning them into planetesimals... 

 
 

...and vortices are huge eddies! 
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Geostrophic balance: 

Particles do not feel the pressure gradient.  
They sink towards the center, where they accumulate. 

 
Aid to planet formation (Barge & Sommeria 1995) 

 
Speed up planet formation enormously  

(Lyra et al. 2008b, 2009a, 2009b, Raettig, Lyra & Klahr 2012) 

The Tea-Leaf effect 

Barge & Sommeria (1995) 
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Raettig et al. (2012) 

The Tea-Leaf effect 





Rapid formation of planetary cores 

Lambrechts & Johansen (2012) 



A possible detection of vortices in disks? 

Observations 
 

Brown et al. (2009) 
 

Models 
Simulated observations 

of Rossby vortices 
 

Regaly et al. (2012) 



And out of Science embargo on June 6th…. 

van der Marel et al. 2013 
  

A possible huge vortex observed with ALMA 



The ALMA “dust trap” 

asymmetric 
mm dust 
at 63 AU 

Gas detection: 
Keplerian rotation 

Micron-sized 
dust follows gas 

van der Marel et al. (2013) 



Transitional disks – The thinning phase 

Disks evolve in time, due to  
photoevaporative winds and viscous evolution 

 
 



Debris disks – The gas-poor phase 



Narrow sharp eccentric ring Detection of a source  
quickly heralded as a planet 

 Fomalhaut b 

Sharp and eccentric rings in debris disks:  
Signposts of planets ? 
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Narrow sharp eccentric ring 

Sharp and eccentric rings in debris disks:  
Signposts of planets ? 

However (take two)….. 

It should not have been detected anyway… 



 
Janson et al. 2012 

 
Variability by 0.7-0.8 mag in F606W 

band 
 

Astrometric orbit not apsidally 
aligned with the ring 

 
No infrared emission 

 

 
Currie et al. 2012 

 
No variability found within 0.15 mag 

in the same band 
 

Consistent with apsidal alignment 
 

Thermal emission from 0.5 MJ 
would not be detectable. 

 

Observed optical emission requires  
reflection by something of  

 

several Jupiter radii 



Are there 
alternative explanations?  

 



Debris disks are not completely gas-free 

VLT imaging by  
Nilsson et al.  (2012) 
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many species 
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Lagrange et al. (1998), … 
Roberge et al. (2002) 
Chen & Jura (2003) 
Redfield (2007), Donaldson et al. (2012) 
Thi et al. (2001), Pontoppidan et al. (2008) 
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France et al. (2007) 
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Gas in debris disks 

 
 

 
Infalling comets 

Grain sublimation 
Grain-Grain collisions 

Photo-stimulated desorption 
Planet-Planet collisions 

Primordial? 
 

Detections 

 
 

 
Beust & Valiron (2007) 
e.g. Rafikov (2012) 
Czechowski & Mann (2007) 
Chen et al. (2007) 
Van den Ancker (2001), Lisse (2008) 
 
 

Source of gas: Outgassing processes 



Dust and gas together leads to instability... 

Klahr & Lin (2005) 
 

Suggested that an instability  
might cause dust in debris  
disks to clump together.  
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Particles move toward pressure maxima 

P: Particles 
G: Gas 

Stellocentric distance 

Ga
s 

pr
es

su
re

 

Direction of particle acceleration 

Direction of gas acceleration 

Star 

High pressure ring 

 
Adapted from Whipple (1972) 



Photoelectric heating 

In optically thin debris disks, 
the dust is the main heating agent for the gas.  

 
 
 

γ	


e- 

 
Dust intercepts starlight directly, 
emits electron, that heats the gas.  

 
Gas is photoelectrically heated by the dust itself  



Dust heats gas 
Heated gas = high pressure region 
High pressure concentrates dust 

Runaway process: instability 
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Photoelectric Instability 
Dust heats gas 

Heated gas = high pressure region 
High pressure concentrates dust 
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Narrow hot dust rings 
Cold gas collects between rings 



Photoelectric Instability 
Dust heats gas 

Heated gas = high pressure region 
High pressure concentrates dust 

3D Stratified 



Photoelectric vs Streaming Instability 
Dust heats gas 

Heated gas = high pressure region 
High pressure concentrates dust 



Thermal coupling time 

Oscillations 

Oscillations appear  
with decreasing thermal time. 



Solutions 
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Dispersion relation 
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Instability  

Overstability 

Oscillations 

Solutions 

Max growth rate: Omega/2. 
Million-fold amplification in five orbits! 

  
A very powerful instability. 



The model in r-φ: Eccentric rings 
 
 

Epicyclic oscillations  
make the ring appear eccentric !!!  

Growth of axisymmetric modes  
+  

Damping of nonaxissymetric modes. 
= Rings !!! 
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Lyra &  Kuchner (2013, Nature, accepted) 
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 Gravitational collapse of an interstellar cloud 

 
Outward transport of angular momentum through turbulence generated by the 
MRI. Dust coagulates into pebbles and boulders, sedimenting towards the midplane. 
 
Rocks in the turbulent medium are trapped in transient pressure maxima and 
undergo collapse into planetesimals and dwarf planets. 
 
Vortices may be excited in the dead zone. Inside them, the first dozens of Mars-
mass embryos are formed. IMF ~ -2 
 
Opacity transitions develop into regions of convergent migration. Low mass planets 
converge to these zones by inward/outward migration. 
 
Convergent migration leads to resonances, these are disrupted by turbulent 
forcing. Collisions between embryos gives rise to oligarchs.  
 
The disk thins due to photoevaporation. Planets released into stable orbits. 
 
N-body interactions and stochastic forcing during disk evaporation produce the 
system's final architecture.  
 
Debris disks with gas are subject to a thermo-centrifugal instability 
 
The instability generates sharp eccentric rings. Caution before shouting “planet!”. 
Not all that glitters is gold. 
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Dust heats gas 
Heated gas = high pressure region 
High pressure concentrates dust 
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 Ring spacing is determined  

by the wavelength of maximum growth.  
 
 

Which in turn is determined by viscosity 
 

Ring spacing ~ 10 Kolmogorov lengths 
 



Linear and nonlinear growth 

Linear growth only exists for ε < 1 
But there is  

nonlinear growth  
beyond ! 



“Elliptic” Instability 

Infinitely elongated vortices are equivalent to shear flows.  
 

They are subject to an MRI-like instability when magnetized.  
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Lyra 2013 

 



Baroclinic instability and layered accretion 

Hydro MHD 

Vorticity 

Mag. Energy 

What happens when the vortex is magnetized? 


