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Accretion in disks occurs via turbulent viscosityAccretion in disks occurs via turbulent viscosity

Turbulence in disks is enabled by 
the Magneto-Rotational Instability
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Turbulence in disks is enabled by 
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Alas... Dead zones are robust features of accretion disksAlas... Dead zones are robust features of accretion disks

Source: Armitage (2010)

Therefore.... 
The search for hydrodynamical routes 

for turbulence continues.



Theoretical ModellingTheoretical Modelling
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Baroclinic Instability – Excitation and self-sustenance of vorticesBaroclinic 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 – Excitation and self-sustenance of vorticesBaroclinic Instability – Excitation and self-sustenance of vortices

Vorticity

Entropy

Source: Lyra & Klahr (2010)
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Flattening the Entropy GradientFlattening the Entropy Gradient

Residual Entropy Residual Entropy
+ 

Background Entropy Gradient 



● Thermal diffusion 
or relaxation

●  Finite amplitude 
 perturbations

● Long evolution times

● High resolution

Thermal diffusion  is needed to establish 
the azimuthal temperature gradients.

Finite amplitude  is needed because the 
perturbations have to be strong enough to 
not be sheared away by the Keplerian 
motion. The instability is non-linear. 

Long evolution  times are needed for the 
same reason. The growth rate is 
proportional not to h but to h 2. 

A resolution  requirement of at least 64 
points per H  is found to capture the 
instability in numerical simulations with 
the Pencil Code.  

The recipe for the 
Baroclinic Instability:

file:///home/wlyra/TALKS/movies/baroclinic2d.avi


The Baroclinic Instability in three dimensions

Source: Lesur & Papaloizou (2010)

Source: Lyra & Klahr (2010)

Vorticity

Baroclinic Instability – Excitation and self-sustenance of vorticesBaroclinic Instability – Excitation and self-sustenance of vortices

Vorticity Kin. Energy



Elliptic InstabilityElliptic Instability
Including Coriolis

Source: Lesur & Papaloizou (2009) Source: Mizerski & Bajer  (2009)

Instability of elliptic streamlines
* In the non-rotating case:
   - Resonance between 
            Vortex turnover frequency and Inertial waves

     Rossby – Kelvin Instability ?

* In the rotating case:
   - Strong “horizontal” (theta=0) unstable mode:
           Exponential growth of epicyclic disturbances

Source: McWilliams (2010)

No background rotation

Vortex coherence is destroyed
Energy cascades forward and dissipates

Aspect ratio

Angle
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Elliptic InstabilityElliptic Instability

Despite the elliptical instability, 
baroclinity keeps the vortex coherent. baroclinity keeps the vortex coherent. 

The result is “core turbulence” only

Including Coriolis

Source: Lesur & Papaloizou (2009) Source: Mizerski & Bajer  (2009)

No background rotation

Source: Lesur & Papaloizou (2010) Source: Lyra & Klahr (2010)

Aspect ratio

Angle
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Interaction of Baroclinic and Magneto­Rotational InstabilitiesInteraction of Baroclinic and Magneto­Rotational Instabilities

What happens when the vortex is magnetized? 

Vortex gone!

Vorticity

Magnetic Energy

file:///home/wlyra/TALKS/movies/vort_magellpinst.mpg


Vortex MHD instability?Vortex MHD instability?

Is this the MRI?

The MRI needs shear. 
Yet, the core rotates close to rigid. 

So, NO, this is not the MRI. 

A magnetoelliptic mode? 

Enstrophy

Mag.
Energy

Notice that the vortex
goes turbulent before the 
box. 



Magneto­Elliptic InstabilityMagneto­Elliptic Instability
Including Lorentz

                 ?

Including CoriolisNo background rotation
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Magneto­Elliptic InstabilityMagneto­Elliptic Instability
Including Coriolis and Lorentz

                 

Including CoriolisNo background rotation

Aspect ratio

Angle

Lyra & Klahr 2011
(after Mizerski & Bajer  2009)

q=k /k BH

file:///home/wlyra/TALKS/movies/KelvinWaveTilt.mpg


Magneto­Elliptic InstabilityMagneto­Elliptic Instability

Bands: Resonances with 
Alfvén waves

( Rossby – Alfvén Instability ? )

“Horizontal” magneto­elliptic instability



Magneto­Elliptic InstabilityMagneto­Elliptic Instability

Mizerski & Bajer (2009, Journal of Fluid Mechanics)

“The presence of magnetic fields widens the range of existence of the 
horizontal instability to an unbounded interval of aspect ratios when
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(after Mizerski & Bajer  2009)



0k /k BH2∣Ro∣1 /2

Magneto­Elliptic InstabilityMagneto­Elliptic Instability

Write the criterion in terms of vorticity instead of angular frequency:
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Magneto­Elliptic Instability – No vortex limitMagneto­Elliptic Instability – No vortex limit

0k /k BH3
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Magneto­Elliptic Instability – No vortex limitMagneto­Elliptic Instability – No vortex limit

MRIMRI

0k /k BH3



Note on consistency: The “no­vortex” limit is a pure shear flowNote on consistency: The “no­vortex” limit is a pure shear flow

Remember:
In the no-vortex limit (ω
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Growth rates of the Horizontal MEIGrowth rates of the Horizontal MEI

MRI



Common ground between MRI and MEICommon ground between MRI and MEI

Elliptic streamlines have shearElliptic streamlines have shear
even in uniform rotation. even in uniform rotation. 



Growth rates of the Growth rates of the Magneto­Elliptic­Rotational InstabilityMagneto­Elliptic­Rotational Instability

Mizerski & Lyra (in prep.)

MRIMRI

… we explain both 
the MEI and the MRI 

as different manifestations 
of the same 

Magneto­Elliptic­Rotational
 Instability



Vorticity

Magnetic Field

Channel flows! 
Disruption of the vortex by channel currents.

MEI­triggered channel flowsMEI­triggered channel flows

file:///home/wlyra/TALKS/movies/reynolds1.mpg


Other field configurationsOther field configurations

Azimuthal and zero-net flux fields also lead 
to growth, like the MRI.

Resistivity quenches growth below 
Reynolds number ~ 1, like the MRI

Notice that the vortices migrate radially
(see also Paardekooper et al 2010)  



Vortices form and migrate (also seen by Paardekooper et al. 2010)Vortices form and migrate (also seen by Paardekooper et al. 2010)

Once they reach the inner boundary, they are gone, and no further vortices formOnce they reach the inner boundary, they are gone, and no further vortices form

Conclusion: the BI may need continuous forcing (from the active layers?)Conclusion: the BI may need continuous forcing (from the active layers?)

A global model of the Baroclinic InstabilityA global model of the Baroclinic Instability



Suggested large-scale phenomenologySuggested large-scale phenomenology

Hydro MHD

Vorticity

Mag. Energy



Suggested large-scale phenomenologySuggested large-scale phenomenology

Hydro MHD

Vorticity

Mag. Energy

vortex migration

Growth
of Baroclinic Instability.
Vortices assist the 
formation of planets. 

vortex migration

Vortex hits MRI -active layer.
Gets destroyed by MEI.
Release planets formed.



ConclusionsConclusions

 - 3D non-magnetized vortices reach a steady state
             * Unstable yet coherent 
             * Balance between baroclinicity (+) and stretching (-)
             * Subsonic core turbulence (10% of sound speed)

 - Vortices do not survive the MRI
             * Channel flows
             * Violent core turbulence
                       - Magneto-elliptic instability
                       - MRI is a limit of the MEI

- Fits neatly in the layered accretion paradigm. 
            * Active layers are unmodified
            * Dead zone only is endowed with vortices

Open questions: 
   - Vertical stratification
   - Realistic entropy gradients and thermal diffusion 
   - Particles??
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ConclusionsConclusions

 - 3D non-magnetized vortices reach a steady state
             * Unstable yet coherent 
             * Balance between baroclinicity (+) and stretching (-)
             * Subsonic core turbulence (10% of sound speed)

 - Vortices do not survive the MRI
             * Channel flows
             * Violent core turbulence
                       - Magneto-elliptic instability
                       - MRI and MEI are limits of the Magneto-Elliptic-Rotational Instability

- Fits neatly in the layered accretion paradigm. 
            * Active layers are unmodified
            * Dead zone only is endowed with vortices

Open questions: 
   - Vertical stratification
   - Realistic entropy gradients and thermodynamics
   - Particle 
   - Global large-scale phenomenology



Thanks for your attention
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