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Dead zones are robust features of accretion disks

Turbulence in disks is enabled by
the Magneto-Rotational Instability
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However.....
A substantial portion of the disk
is of low ionization
and therefore dead to the MRI
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A possibility: Baroclinic Instability

- Well known in planetary atmospheres
- Leads to the formation of vortices

And vortices are:
- A solution of the NS equations: persistent structures
- Very interesting for planet formation
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Elliptic Instability

No background rotation
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Including Coriolis
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Instability of elliptic streamlines
* In the non-rotating case:
- Resonance between
vortex turnover frequency and inertial waves

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

Source: McWilliams (2010)



Baroclinic Instability - Excitation and self-sustenance of vortices

The Baroclinic Instability in three dimensions
Vorticity
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Despite the elliptical instability,

baroclinity keeps the vortex coherent.

The result is "core turbulence” only
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Interaction of Baroclinic and Magneto-Rotational Instabilities

What happens when the vortex is magnetized?
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Vortex gone!


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

Vortex MHD instability?

Notice that the vortex
goes turbulent before the 2
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Is this the MRI?

Vorticity profile

The MRI needs shear.
{ < «f Yet, the core rotates close to rigid.
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0 So, NO, this is not the MRL.
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Magneto-Elliptic Instability

No background rotation Including Coriolis Including Lorentz
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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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Magneto-Elliptic Instability
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Both the vortex and the shear flow contribute to the Rossby number .
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In the no-vortex limit («w=0) , Ro=-3/4
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Magneto-Elliptic Instability — No vortex limit
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Magneto-Elliptic Instability — No vortex limit.
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Note on consistency

In the no-vortex limit (w=0) , Ro=-3/4

A vortex of infinite aspect ratio is equivalent to a shear flow




Growth rates

Vortex turnover resonance
with Alfvén waves

Gr'lowth rates x.=4 Growth rate of . modes (6=0)
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Common ground between MRI and MEI

Elliptic streamlines have shear
even in uniform rotation



Conclusions

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




Conclusions

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

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



Conclusions

- 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??



Thanks for your attention

ABA 527, ALIE (2011) Astronomy
DOL: 10,105 L0004- 6361201015568

i ES0 2011 A&struphysics

The baroclinic instability in the context of layered accretion

Self-sustained vortices and their magnetic stability in local compressible
unstratified models of protoplanetary disks

W Iyma" and H. Klahr!

! Max-Planck-Institut fiir Astroncomie, Kénigstuhl 17, &9117 Heidelberg, Germany

* American Muscum af Maiuml History, Depatment of Astrophysics, Centml Park Weest al 791h Sieect,
Meow Yok, MY 10024-5192, [I5A
e-mail: wlyradamnh.arg

Received 11 Aogost 2000 ) Accepled 29 Movemnber 2010
ABSTRACT

Contaxt. Turbulence and angular momentum tmnspart in accretion disks remains a opic of debate. With the realization that disad
rones are mobmsl f@miures of protoplanstary disks., the search for hydrodynamical sounoes of turbalence continues. A& possible sounce
i the baroclinic instability (B, which has been showen o exist in unmegnetized non-bamiropic disks.

A, We aim o verily the exislence af 1he baroclinic instability in 30 magnetized disks, as well asils inberplay with other instabililies
namly the magneto-rotational instability (MEL and the magnelo-clliptical insiability.

Medhods, We performed local simulations of non-izotbermal accrelion disks weith the Preen. Came. The entropy gmadient that genemies
the barcclinic instability is lineadzed and included in the momentum and energy squations io the shearing box approximation. The
mixdel is compressible. so excitation of spital density waves is allowed and angular momeniom anspot can be measured.

Resufis. We find bt the vortices generaled and sustained by the baroclinic instahility in the purely bydmodynamical regime do not
survive when magnetic fields are included. The MRE] by Bar supersedes the Bl in growth mie and strength al saturation. The resulting
turbulence is vidtually identical o an MRI-only scenario. We measured the intrinsic vorticity profile of the vortex. finding litile radial
wariation in the vories core. Mevertheless the core is disrupted by an BHD instability. which we identify with the magneto-elliptic
instability. This inslability s nearly the same ange of unstable savelengths as the MEL but has higher growth mbes. In fact, ae
identify the MRI as a limiting case of the magneto-clliptic instability, when the vortex aspect ratio lends 1o infinity (pure shear Rowed,
Wi isalaled its elfoct on the vortex, finding that a strong but unstable vertical magnetic ficld leads 1o channel Aoees inside the verles,
which siretch it apart, When ibe ficld i= decreased or resistivily i= used. we find il the vortex survives until the ME] develops in
the bax. The voriex i= then destroyed by the strin of the surmeundicg turbulence., Conslant azimuthal Gelds and zero net Aux Gelds
alen lead 1o vorex destruction. Resistivily quenches bolb instabilities when the magnetic Beynolds number of the longest vertical
wanvelength of the hox is near unity.

Conclusions. We conclude that vortex excitation and self-asbenance by the baroclinic instability in proloplanetary disks is viahle
only in ko jomization, ie., the dead wone. Our resulls are thus in acoordance with the layered aceoretion pamdigm. A baroclinicly
unslahle dead mone should be characierized by the presence of large-scale vortices whose cones are elliptically urstable, yel sustained
by the baroclinic feedback. Sinee magnetic ficlds destroy the vortices and the ME] cutweighs the Bl the aclive layers are unmocdified.

Key Wards. accretion, accrelion disks — hydrodynamics — instabilifies — mapnelohydmedynamics (MHD G- wrbulence -
methods: numerical
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