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Vortices – An ubiquitous fluid mechanics phenomenonVortices – An ubiquitous fluid mechanics phenomenon
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Geostrophic balance:

2 ×u=−−1 ∇ p

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)

Vortices and Planet Formation

Source: Barge & Sommeria (1995)



●Mass spectrum by the end of the simulation
●300 bound clumps were formed

●Power law d(log N)/d(log M)=-2.3 +/- 0.2
●20 of these are more massive than Mars

The Initial Mass Function of planets
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So how to sustain vortices in disks?

Rossby Wave InstabilityBaroclinic Instability

Nonlinear

Powered by: 
buoyancy, thermal diffusion

Linear
Non-axissymmetric

Powered by: 
Modification of shear profile



Klahr & Bodenheimer (2003)

Klahr (2004)

Petersen et al. (2007a)

Petersen et al. (2007b)

Lesur & Papaloizou (2010)

Lyra & Klahr (2011)



Baroclinic Instability – Excitation and self-sustenance of vortices

Source: Armitage (2010)

Sketch of the 
Baroclinic Instability
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Source: Lyra & Klahr (2010)
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Baroclinic Instability and AccretionBaroclinic Instability and Accretion

Lyra & Klahr (2011)

Large mass accretion rates, 
comparable to the MRI!

The angular momentum is carried by 
waves excited by the vortex

Lyra & Klahr (2011)

Raettig, Lyra, & Klahr (2012)



Interaction of Baroclinic and Magneto-Rotational Instabilities

What happens when the vortex is magnetized? 

Vortex gone!

Hydro MHD

Vorticity

Mag. Energy

Lyra & Klahr (2011)
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Interaction of Baroclinic and Magneto-Rotational Instabilities

Vortices do not survive magnetization. 
Restricted to dead zones.  

Enstrophy
(Vorticity 
squared)

Mag.
Energy



Rossby Wave Instability
(or.... Kelvin-Helmholtz in rotating disks)



Rossby Wave Instability
(or.... Kelvin-Helmholtz in rotating disks)

Sketch of the 
Rossby Wave Instability

Source: Meheut et al. (2010) Source: Lyra et al. (2008b)



Active/dead zone boundaryActive/dead zone boundary

Magnetized inner disk + resistive outer disk
Source: Lyra & Mac Low (2012, submitted)



Active/dead zone boundaryActive/dead zone boundary

Magnetized inner disk + resistive outer disk
Source: Lyra & Mac Low (2012, submitted)



Significant angular momentum transportSignificant angular momentum transport

Large mass accretion rates in the dead zone, 
comparable to the MRI in the active zone!

Source: Lyra & Mac Low (2012, submitted)



∆/H = 10 ∆/H = 20 ∆/H = 40

Resolution

Fishy vortex in the active zone...



High end computingHigh end computing

Good scaling up to > 70,000 processors ! 
(At NICS - Kraken)

The Pencil Code
Brandenburg & Dobler (2002)



∆/H = 10 ∆/H = 20 ∆/H = 40

Resolution

Fishy vortex in the active zone...



Hydro MHD

Vorticity

Mag. Energy

Baroclinic vortices do not 
survive magnetization:

restricted to dead zones.
(Lyra & Klahr 2011)

Vortices form planets
(Lyra et al. 2009)

Rossby vortices form at the 
dead/active transition, possibly 

survive magnetization.
(Lyra & Mac Low 2012)



Suggested large-scale phenomenology



Suggested large-scale phenomenology

vortex migration

Growth of baroclinic vortices

vortex migration

Rossby vortices form at 
active/dead transition.

Vortices assist the formation of planets. 

Strong enough zonal flows trigger 
magnetized Rossby vortices?



A possible detection of vortices in disksA possible detection of vortices in disks

Observations

Brown et al. (2009)

(see also 
Sean Andrews' talk)

Simulated observations
of Rossby vortices

Regaly et al. (2012)



Sharp and eccentric rings in debris disksSharp and eccentric rings in debris disks

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

  Fomalhaut bFomalhaut b



Sharp and eccentric rings in debris disksSharp and eccentric rings in debris disks

Narrow sharp eccentric ringNarrow sharp eccentric ring

Planet not detected in infraredPlanet not detected in infrared

However.....



Sharp and eccentric rings in debris disks without planetsSharp and eccentric rings in debris disks without planets

Lyra & Kuchner (2012)Lyra & Kuchner (2012)

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



Sharp and eccentric rings in debris disks without planetsSharp and eccentric rings in debris disks without planets

star
ring “center”

Eccentricity e=0.04

Lyra & Kuchner (2012)



Thanks for you attention!!!
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