Contextualizing the
(insert agreed name)
in the Layered Accretion paradigm

Wilad Lyra

NSF Fellow (2010, AMNH)
Carl Sagan Fellow (2011, JPL)

American Museum of Natural History
Max-Planck Institute for Astronomy

Ringberg, June 2011
Collaborators: Hubert Klahr, Kryzstof Mizerski



Contextualizing the
Baroclinic Instability
in the Layered Accretion paradigm

Wilad Lyra

NSF Fellow (2010, AMNH)
Carl Sagan Fellow (2011, JPL)

American Museum of Natural History
Max-Planck Institute for Astronomy

Ringberg, June 2011
Collaborators: Hubert Klahr, Kryzstof Mizerski






Accretion in disks occurs via turbulent viscosity

Turbulence in disks is enabled by
the Magneto-Rotational Instability

MRI sketch
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Accretion in disks occurs via turbulent viscosity

Turbulence in disks is enabled by
the Magneto-Rotational Instability
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Properties
Unstable range: 0<q<sqrt(3)

Most unstable wavelength: q~1
Maximum growth rate: ~0.75 Q
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Alas... Dead zones are robust features of accretion disks

dead zone
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Source: Armitage (2010)

Therefore....
The search for hydrodynamical routes
for turbulence continues.



Theoretical Modelling

Continuity eq. (density) (2_;) - (u-V) p—pV-u

Navier-Stokes eq. (momentum) 2_2‘ =—(uVu-Vo-p" (Vp-l-JX B)

Induction eq. (magnetic field) aa_lj = VX|(uxB = nu,J|

Entropy equation s = —(u-V)s + 1 V-KVT) - pCV(T_To) N THJOJZ
ot pT T,

Eq. of state (pressure) p=p ¢/ y
N
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Baroclinic Instability - Excitation and self-sustenance of vortices
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Flattening the Entropy Gradient
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The recipe for the
Baroclinic Instability:

Thermal diffusion
or relaxation

Finite amplitude
perturbations

Long evolution times

High resolution

Thermal diffusion is needed to establish
the azimuthal femperature 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 fimes are needed for the
same reason. The growth rate s
proportional not to A but to A%

A resolution requirement of at least 64
points per H is found to capture the
instability in numerical simulations with
the Pencil Code.
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Baroclinic Instability - Excitation and self-sustenance of vortices

The Baroclinic Instability in three dimensions
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Elliptic Instability
Including Coriolis
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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)
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Elliptic Instability
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Source: Lesur & Papaloizou (2009) Source: Mizerski & Bajer (2009)

Despite the elliptical instability,
baroclinity keeps the vortex coherent.

The result is "core turbulence” only

T=127.91 Orbits

Self-sustained turbulent vortices
SNOOPY (1024 x 512 x 128)

Source: Lesur & Papaloizou (2010) Source: Lyra & Klahr (2010)
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Interaction of Baroclinic and Magneto-Rotational Instabilities

What happens when the vortex is magnetized?
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Vortex MHD instability?

Notice that the vortex
goes turbulent before the 2
box. T2z o-a1 omo .a.1 aaz 01 : a2 -0 ».-. a1

log ol 1)

40 20 ag

Is this the MRI?

Vorticity profile

The MRI needs shear.
{ < «f Yet, the core rotates close to rigid.

-0.5 0.0 0.5

0 So, NO, this is not the MRL.

IllllllllllT‘nll
*I]*
Hb
'-I]4

@%%@[Eg]&]gﬁ][g&]ﬂﬂ]&& R RTT A magnetoelliptic mode?

0.20 0.25

=
=]

=
=]
o
(.\J
=]



Magneto-Elliptic Instability
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The magnetoelliptic instability
of rotating systems

K. A. MIZERSKI'f ann K. BAJER?
'Department of Applied Mathematics, University of Leeds, Woodbouse Lang, Leeds 152 97T, UK

‘nstitute of Geophysics, University of Warsaw, Pastoura 7, 02063 Warsaw, Poland
(Recaived 140 Docember 2008 and in revised form 12 March 2008)

We address the question of stability of the Eoler Row with elliptical streamlines in a
rotaling frame, interacting with uniform external magnetic ficld perpendicular to the
plane of the flow. Our motivation for this study is of astrophysical nature, since many
astrophysical objoects, such as stars, plancts and accretion discs, are tidally deformed
throngh gravitational interaction with other hodies. Therefors, the ellipticity of the
How models the tidal deformations in the simplest way. The joint cffect of the magnetic
ficld and the Coriolis foree is studied here numerically and analytically in the limit of
small clliptical itidal) deformations (¢ = 1), using the analytical technique developed
by Lebowvite & Aweibel (Astrophys. J. vaol, 608 HH, pp. 300-312). We bnd that the
cffect of background rotation and cxternal magnelic held is quile complex. Both
factors are responsible (or new desiabilizing resonances as the vorlex departs from
axial symmetry (¢ <« 1); however, just like in the non-rotating case, there are throe
principal resonances causing instability in the lzading order. The presence of the
magnelic held is very likely 1o destabilize the system with respect 1o perturbations
propagating in the direction of the magnetic fizld il the basic vorticity and the
background rotation have opposile signs (e tor anticyelonic background rotation).
We present the dependence of the growth rates of the modes on various parameters
describing the system, such as the strength of the magnetic lield (&), the inverse of
the Rossby number (220, the ellipticity of the basic flow (¢) and the direction of

Including Lorentz

0
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Magneto-Elliptic Instability

Bands: Resonances with
Alfvén waves
( Rossby — Alfvén Instability )
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“Horizontal” magneto-elliptic instability



Magneto-Elliptic Instability
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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 2,8

5:l(x+x”)
1/2 2
0<klk,, <2|Rol
X Aspect ratio

Write the criterion in ferms of vorticity instead of angular frequency:

Vortex flow Vorticity
u,=—0Q, ylX V %
—_— 0, =Q,(X+X )=20,6=2R0oQ,
u, =0, x X
:wV+wb0x
=w,—3/20,

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

0<klk,, <3



Magneto-Elliptic Instability — No vortex limit

0<klk, <3



Accretion in disks occurs via turbulent viscosity

Turbulence in disks is enabled by
the Magneto-Rotational Instability

Unstable Wavelength Dispersion Relation
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Properties
Unstable range: 0<q<sqrt(3)

Most unstable wavelength: q~1
Maximum growth rate: ~0.75 Q
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Magneto-Elliptic Instability — No vortex limit

0<klk, <3

MRI




Note on consistency: The “no-vortex’’ limit is a pure shear flow Q,s

Ro=—5-
5:l(x+x”)
Kida solution Remember: )
Q,=0 In the no-vortex limit (w=0) , Ro=-3/4 X Aspect ratio
X — 00

Vortex flow

u,=—0, ylX

u, =L, xX

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




Growth rates of the Horizontal MEI

Growth rate of k. modes (8=0)
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Common ground between MRI and MEI

Elliptic streamlines have shear
even in uniform rotation.



Growth rates of the Magneto-Elliptic-Rotational Instability

Growth rate of k. modes (8=0)
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... we explain both
the MEI and the MRI
as different manifestations
of the same
Magneto-Elliptic-Rotational
Instability
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MElI-triggered channel flows

m:l J—HJEI

aas
5 Vorticity
-0a5
_&1nl'.'l.2 -1 ai gz 01 a0 a1 anz -1 l'.'I.EI a1 gz 01 a0 a1 a2 01 00 a1 az
ﬁ.ﬂ—l'.'lﬂ
l'.'L1|'.'I
- - e
-01a

02 -01 00 ai anz 04 l'.'IJ'.'I ai ap2 a1 a0 ai az2

Channel flows!
Disruption of the vortex by channel currents.
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Other field configurations
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Azimuthal and zero-net flux fields also lead
to growth, like the MRI.

gy £ | Resistivity quenches growth below
“ 4 - —_— Reynolds number ~ 1, like the MRI

Notice that the vortices migrate radially
(see also Paardekooper et al 2010)
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A global model of the Baroclinic Instability

I'-., &l “i. IL"‘

M NIl r
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Vortices form and migrate (also seen by Paardekooper et al. 2010)
Once they reach the inner boundary, they are gone, and no further vortices form

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



Suggested large-scale phenomenology

Hydro MHD
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Suggested large-scale phenomenology

Hydro
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Gets destroyed by MEL.
Release planets formed.
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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 and METI are limits of the MERI
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Conclusions

Hydro MHD
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Vorticity
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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 and MET 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
- Redlistic entropy gradients and thermodynamics
- Particle
- Global large-scale phenomenology
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The baroclinic instability in the context of layered accretion

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