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Geostrophic balance: 

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

 

Vortices and Planet Formation 

Barge & Sommeria (1995) 

Also independently suggested by: 
Tanga et al. 1996 

Adams & Watkins 1996 









(Pre-)History of Rossby Wave Instability 
 

Lovelace & Hohlfeld 1978  

Vorticity criterion already derived back then 

 
 

 
 

 
 



(Pre-)History of Rossby Wave Instability 
 

Toomre 1981’ 

 
 

 
 

 
 

 
 

 
 

 
  

 



(Pre-)History of Rossby Wave Instability 
 

Papaloizou-Pringle Instability (1984ab) 

Numerical model by  
Hawley 1987 

(Goldreich & Narayan 1985, Blaes 1985, Blaes & Glatzel 1986, Hawley 1987, Narayan et al. 1987, Goldreich et al. 1987, 1988) 



Rediscovery of the Magneto-Rotational Instability 
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1991: The MRI Revolution 



1991: The MRI Revolution 

Video credit: Mario Flock (MPIA/CEA) 



Lovelace et al. (1999) resurrect the process;  
call it “Rossby Wave” Instability 

 

History of Rossby Wave Instability 
 

 
 

 
 

 
 

 
 



Peggy Varnière & Michel Tagger 
RWI at dead zone boundary! 

Varnière & Tagger (2006) 



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) 



The Varnière-Tagger dead zone model 
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Lyra et al. (2008b) 



Tea-leaf effect 

Particles sink to the center 



Tea-leaf effect 

Particles sink to the center 

Credit: Natalie Raettig 





Lyra et al. (2009b),  
see also de Val-Borro et al. (2007) 



Lyra et al. (2009b) 



What have we learned since? 
 

“Elliptic” Instability 

Infinitely elongated vortices are equivalent to shear flows.  
 

They are subject to an MRI-like instability when magnetized.  
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Lesur & Papaloizou (2010) 
 

See also 
Pierrehumbert 1986 

Bayly 1986 
Kerswell 2002 

Lesur & Papaloizoy 2009 
Lesur & Papaloizou 2010 

Lyra & Klahr 2011 
Lyra 2013 

 



What have we learned since? 
 

“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 

 



What have we learned since? 
 

Vertical Circulation 

With stratification, kz=2 and kz=0 are coupled. 
Vertical circulation ensues. 

 
No closed elliptical streamlines, no elliptic instability. 

Meheut et al. (2010) 
See also Meheut et al. 2012abc, Meheut et al. 2013 

 



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) 



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” 
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Gas detection: 
Keplerian rotation 

Micron-sized 
dust follows gas 

van der Marel et al. (2013) 



The ALMA “dust trap”: Properties 

Aspect ratio: 3.1 
 
Temperature: 60K 
 
Trapped mass: 9 MEarth 
 
Center: 63 AU 
 
Extent: 45-80 AU 
 
Gas cavity at 25AU 

Aspect ratio: 3 
should be unstable to elliptic instability 
 
Temperature: 60K  
perhaps not yet at isothermal radii,  
may not be Rossby, but baroclinic 

asymmetric 
mm dust 
at 63 AU 

Gas detection: 
Keplerian rotation 

Micron-sized 
dust follows gas 



A fairly general analytical solution for vortex trapping 

a 

Equilibrium between diffusion and drag 
 
 

Dust continuity equation 

b 

χ= b/a 

Lyra & Lin (2013, submitted) 



A fairly general analytical solution for vortex trapping 

a 

b 

χ= b/a 
Transformation of Chang & Oishi (2010) 

Equilibrium between diffusion and drag 
 
 

Derivatives 

Laplacian 

Lyra & Lin (2013, submitted) 



A fairly general analytical solution for vortex trapping 

a 

b 

χ= b/a 
“Axis-symmetric” equation 

 

Solution 

Lyra & Lin (2013, submitted) 



Axis-symmetric dust trapping solution 

a 

b 

χ= b/a 

Depends on H, χ, δ, and St 
 

In principle, these are ALL observable. 

H   = disk scale height, sonic scale, temperature 
χ    = vortex aspect ratio 
δ    = diffusion parameter (D = δ cs H ) 
St   = Stokes number (particle size) 
f(χ) = model-dependent scale function 

Solution 

Lyra & Lin (2013, submitted) 



Scale function 

Kida solution 

GNG solution 

Lyra & Lin (2013, submitted) 



A fairly general analytical solution for vortex trapping 

Kida vortex of  
 

aspect ratio χ=4 
 

In a disk of h=0.1 
 

and δ/St = 1 

Lyra & Lin (2013, submitted) 



Observational predictions 
 

Density contrast 
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h    = H/r = disk aspect ratio 
χ    = vortex aspect ratio 
δ  = diffusion parameter 
St   = Stokes number (particle size) 
f(χ) = model-dependent scale function 

Lyra & Lin (2013, submitted) 



Observational predictions 
 

Total trapped mass 

M (St) = ρd dVV∫

=
π 3

2
χH 2

VHzρmax

h    = H/r = disk aspect ratio 
χ    = vortex aspect ratio 
δ  = diffusion parameter 
St   = Stokes number (particle size) 
f(χ) = model-dependent scale function 

Lyra & Lin (2013, submitted) 



Observational predictions 
 

Measuring the diffusion parameter δ  
Turbulence in the Core – Doppler broadening 

 
 

Elliptic instability in vortex core:  
turbulence at 10% of sound speed 

 
For a temperature of 60K,  

should lead to 0.3 km/s Doppler signature.  
 

At the “hairy edge” of what ALMA can do (0.2 sensitivity).   

Lesur & Papaloizou (2010) 

Lyra & Klahr (2011) 



Observational predictions 
 

Measuring the vortex model:  
Rotational Broadening 

 
 

Vortex motion for size H:  
v = ΩV H ~ Ω H ~ cs 

 
For a temperature of 60K,  

should lead to ~1 km/s rotational broadening signature.  
 

Plus, this should be spatially resolvable (!) 



Conclusions 
 

We have come a long way since 2D models of vortex trapping 
 
 

ALMA is returning images that may  
finally give observational constrains to our models 


