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“Paddle Wheels” in Disks
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Disk Basics

* Modified Keplerian Rotation
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Q: What happens if there is strong

density gradients in disks?
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Papaloizou & Pringle Instability
(‘84, 85)

The dynamical stability of differentially rotating discs
with constant specific angular momentum

The dynamical stability of differentially
rotating discs — Il

J. C. B. Papaloizou Theoretical Astronomy Unit, School of Mathematical
Sciences, Queen Mary College, London E1 4NS

J. E. Pringle imstitute of Astronomy, Madingley Road, Cambridge CB3 0HA

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



Linear Theory Derivations (Lovelace et al. 1999; Li et al. 2000)
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Linear Theory Derivations (Lovelace et al. 1999; Li et al. 2000)
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Rossby Wave Instability
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Rossby Wave Instability
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Rossby Wave Instability -- Nonlinear Evolution
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Rossby Vortices

1.5 = . .

Pressure

Li et al. 2001



Saturation
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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 ...



Mass (Jupiter Masses)

Observations of Exoplanets
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Evolution of a Typical Disk
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Disk+Planet Basics
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- Yr'? at 0 turns (n, xn, xn, =384x32x1536)
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Disk-Planet Tidal Interaction

GAP FORMATION IN PROTOPLANETARY DISKS 833
tidal VISCOUS viscous ]
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*Planet excites density waves 1n the disk at the Lindblad resonances:
w=W=z= k/m, k:epicyclic freq., 1, = (1 H/m)*" r,.

*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):

. (Vxv),
Ca = S

« PV along streamlines for inviscid flow:

D( %) . 1
= Z'VIV+ —V2xV
Dy (C ) = p

— If barotropic p=p(2), baroclinic term
VExVp=0

— andin 2D (2-V = 0) D¢ _
Dt




Break the conservation of
Potential Vorticity

= viscosity + shocks + non - adiabatic forcing
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Viscosity: either imposed
or numerical

Spiral shocks: cutting
through the whole disk

“Switch-on” of the planet




PV Changes due to Shocks

« Vorticity jump across shock: Truesdell ( °52),
Lighthill (" 57), Hayes(' 57),..., Kevlahan (" 97)

Seo — 4 oCr
l+g 0S

2b

+ baroclinic term + qw,

where q = —1, Cr = -V (in shock frame)

* For isothermal shock, potential vorticity jump:
5c = 1 g 9Cr
2 1+q oS

P N\

density factor curvature factor




Flow Lines, Horse-shoe Region and Shocks

Perpendicular Mach number

on

azimuthal.

—_—

Distance away from planet

radius
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Potential Vorticity Evolution
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2r'? at 121.0 turns (n, xn, xn, =384x32x1536)
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rhor’ at 0 turns (n, xn, xn, =384x32x1536)
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Q:
Observational signatures
of the joint evolution of

Disks + Planets?
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Q: How long
can vortices survive?




Case 1: Evolution of RVI
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Case 2: Gap and Vortex
from massive planet(s)

400x500, ¥r'” at 3000 turns with M,=1e-02 and v=1e-07
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Effects of Planet Mass

M, =1M;, v=1x10"", h=0.06
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Effects of Disk Sound Speed
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Effects of Disk (effective) Viscosity
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a-VisScosity

Case 3: Vortex from variable
disk viscosity profiles
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Case 4:
What happens in 3D?



Similar to 2D
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or at t=6400 orbits
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mode 1 amplitude in azimuthal direction

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



