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A Bit of History … 

Stirling: Can we
 build paddle

 wheels in disks
 to transport

 angular
 momentum?  



“Paddle Wheels” in Disks 

Paper 1 	


Paper 2 	


Paper 3 	




Disk Basics 
* Modified Keplerian Rotation	


Rayleigh Criterion: 	
 > 0    i.e., stable	


Solberg-Hoiland: 	


p81:  
Rayleigh’s inflexion
-point theorem:
 extreme in potential
 vorticity profile	




Q: What happens if there is strong
 density gradients in disks?  

Density/Pressure step	
 Density/Pressure bump	




Papaloizou & Pringle Instability 
(‘84, 85) 

See also 
Blases’85; Goldreich+’86; Kato’87; Narayan+’87;
 Hawley’91, etc.	




Linear Theory Derivations (Lovelace et al. 1999; Li et al. 2000)	


1) Using variable:	
Linearized Eqs:	


2) Key eq.	




Linear Theory Derivations (Lovelace et al. 1999; Li et al. 2000)	


3) Potential 
Vorticity :	


4) Rossby wave dispersion:	


(See also Tagger’01,
 Tsang & Lai’08,
 Meheut et al.’13, etc.)   	




Rossby Wave Instability	


Li et al. 2000	




Rossby Wave Instability	


Li et al. 2000	




Rossby Wave Instability  -- Nonlinear Evolution	


Li et al. 2001	




Rossby Vortices  

Li et al. 2001 

Pressure 



Saturation 

Li et al.’01 



Saturation 

Li et al.’01 



Merging 
and 

Migration 
of vortices 	




Work on RWI mostly went 
un-noticed (except a few 

groups in Europe) … 
(Tagger+, Varniere+, Barge+, Meheut+, 

Lesur+, Lai+, Lin+, … ) 
 

But in the mean time … 



Observations of Exoplanets 



Evolution of a Typical Disk 

Williams & Cieza’11 



Radial Towards the star 
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•  Direct interaction is too weak 
•  Gravity provides the long

-range interaction 

Disk+Planet Basics 
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Disk-Planet Tidal Interaction 

Takeuchi, Miyama, Lin’96 

• Planet excites density waves in the disk at the Lindblad resonances: 
  w = W    k/m,      k: epicyclic freq., rL = (1   1/m)2/3 rp. 
• Ingoing (outgoing) waves carry a negative (positive) angular momentum 
  flux as they move away from planet into the disk interior (exterior). 
• Waves dissipate, net angular momentum exchange between disk and planet.  
• Inner (outer) disk loses (gain) angular momentum, matter move away  
 from the planet, forming a gap. 

± ±



Potential Vorticity	


•  Potential Vorticity (PV or vortensity):  

 

•  PV along streamlines for inviscid flow: 

–  If barotropic p=p(Σ), baroclinic term 
 
 

–  and in 2D (              ):  
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Break the conservation of 
Potential Vorticity 

•  Viscosity: either imposed  
      or numerical 
•  Spiral shocks: cutting  
      through the whole disk 
•  “Switch-on” of the planet 

forcing adiabatic-non  shocks  viscosity  ++=
Dt
Dζ



PV Changes due to Shocks 
•  Vorticity jump across shock: Truesdell (‘52), 

Lighthill (’57), Hayes(’57),…, Kevlahan (’97) 
 
 
 

•  For isothermal shock, potential vorticity jump: 
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Li et al. 2005 

Flow Lines, Horse-shoe Region and Shocks 

Perpendicular Mach number 

Distance away from planet 

radius 
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Potential Vorticity Evolution 

Li et al. 2005 
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3D Disk 
 
10 MEarth	




Q:  
Observational signatures  
of the joint evolution of  

Disks + Planets? 



 
SMA Obs. 

 
Andrews  
et al’11 

Transition  Disks 





Andrews et al. 2011 

Transition  Disks:
 Idealized Structures 

Gas 

Q: Should be
 quite

 unstable???	




ALMA 



HD 142527 

IRS 48 

Casassus et al. ’13 van der Marel+ ‘13 Perez et al. ‘14 

ALMA Observations of 
Transition Disks (so far…) 



Q: How long  
can vortices survive?  



High viscosity 
alpha = 1e-4 

Low viscosity 
alpha = 2.7e-6 

Case 1: Evolution of RVI 

Li et al. 2001; Li et al. 2014 



Case 2: Gap and Vortex 
from massive planet(s) 

Fu, HL, et al. unpublished 



Fu, HL, et al. 2014 



Effects of Planet Mass 



Effects of Disk Sound Speed 



Effects of Disk (effective) Viscosity 





Case 3: Vortex from variable 
disk viscosity profiles 

Dead zone 





Case 4:  
What happens in 3D?  



Similar to 2D 

mid-plane density Surface density 





Evolution of m=1 and m=2 
modes in 2D vs. 3D 

m = 1 m = 2 



Summary 
-  Many transition disks show non-axisymmetric features 
-  These features facilitate dust accumulation, helpful for 

planet formation? 
-  Several mechanisms can produce non-axisymmetric 

features in disks: giant planets, variable disk viscosity 
-  Lifetime of vortices sensitive to disk conditions and 

planet masses, typically ~ 1000 orbits, rarely up to 
~10,000 orbits 

-  Future ALMA observations will help to constrain the 
disk models 


