
 
 

S
tructure and evolution of  

3-dim
ensional R

ossby vortices

R
ichard S

am
uel

P
ierre B

arge

Instabilities and S
tructures in P

roto-P
lanetary disks W

orkshop
M

arseille 2012



 
 

S
um

m
ary

●
The system

 of equations
●

Vortex form
ation by R

ossby W
ave Instability

●
3D

 structure of the resulting vortex 
●

Long term
 evolution

●
C

onclusion



 
 

The system
 of equations

S
olved num

erically w
ith a finite volum

e m
ethod using a second order 

M
U

S
C

L-H
ancock schem

e. The code is based on a 2D
 version specifically 

developed for disk studies (Inaba et al, 2001); it is parallelized to perm
it 

long and high resolution runs.
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Initial condition
●

S
table equilibrium

 state

●
R

adial and vertical equilibrium
 betw

een centrifugal force, 
gravity and pressure gradient are satisfied 
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P

erturbed equilibriium
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+ noise
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R
ossby w

ave Instability: 3D
 evolution

-Initial condition : background equilibrium
 + gaussian bum

p in 
density and pressure + sm

all perturbation
-G

row
th of vortices w

ith spiral w
aves

- G
radual m

erging of the vortices (m
ode num

ber decreases) 
- A

t the end:   a single quasi-steady vortex 
                      that m

igrates tow
ard the center in a slow

 tim
e scale



 
 

G
row

 of the instability

●
B

eginning is dom
inate by high m

ode
●

D
om

inant m
ode decrease until the m

ode 1 is the dom
inant

●
A

m
plitude of m

ode 1 doesn't decrease after saturation 



 
 

D
ensity once a single vortex is form

ed

●
In the m

id-plane:  the 3D 
density m

ap looks like the 
2D

 one 
●

The vertical profile is nearly 
gaussian 
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P
ressure profile

●
P

ressure and density profiles 
have sim

ilar shapes 
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Vertical equilibrium
●

P
ressure and density have sim

ilar profile, so tem
perature 

is not m
odified

●
Vertical hydrostatic equilibrium

 reads :

●
A

s tem
perature doesn't change, the vertical equilibrium

 is not 
m

odified
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R
adial velocity

●
In the m

idplane the velocity 
profile is very sim

ilar to the 
2D

 profile
●

This profile does not vary 
strongly w

ith height
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A
zim

uthal velocity

r
r

z
θ

●
In the m

idplane the profile 
is sim

ilar to the 2D
 one 

●
The horizontal profile 
varies w

eakly w
ith height

3D

2D



 
 

Vertical com
ponent of vorticity (ω

z )

●
In the m

id-plane 3D
 vorticity 

ω
z  looks like 2D

 vorticity 

●
Vorticity is slightly decreasing 
w

ith increasing height
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Vertical velocity

●
The vertical velocity is zero at 
the equatorial plane

●
It increases w

ith height inside 
the disk

●
The vortex follow

 the height of 
the disk 
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3D
 stream

line



 
 

Vertical velocity
The vertical velocity com

es from
 the entropy gradient of the disk:

●
In the rotating fram

e, the entropy equation is :

●
If Ω

0  is the angular velocity of the vortex, the flow
 is stationary so

(i.e)  fluid particles stay on surfaces of 
constant entropy

●
The vertical velocity reads also :
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Vertical velocity

w
−
u
∂
S∂
r
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Ω
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∂
S∂
z

w
e check w

ith the num
erical values and found good agreem

ent 



 
 

R
ole of stratification

●
The vertical stratification is given by the B

runt-V
äisälä frequency :

●
N

2>0 the stratification is stable : w
hen a fluid particle change its 

altitude, a restoring force appears  
●

N
2<0 the stratification is unstable : w

hen a fluid particle change its 
altitude, a force w

hich w
ill am

plify the m
otion w

ill appears

N
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S
tratification

●
B

runt V
äisälä in our case :

A
lw

ays positive : 
stable vertical stratification

●
Fluid particle can't m

ove vertically w
ithout be 

affected by a restoring force, it's w
hy vertical 

m
otions are sm

all.



 
 

S
tream

line in the rotating fram
e

●
The stream

line are plotted in the 
rotating fram

e, w
hen the flow

 is 
steady, so the stream

line 
coincide w

ith the trajectory of 
fluid particles

●
The rotation of the gas is m

ainly 
in the horizontal plane

●
C

olum
nar anticyclonic vortices

r r

θ θ
z=0

z=0,5



 
 

Long tim
e evolution

●
W

e start from
 a vortex m

odel to study its long tim
e evolution

●
A

fter a few
 rotations, it relaxes to a quasi stationary vortex that 

survives m
ore than 100 rotation periods 

●
The structure of the vortex looks like the vortex obtained by the 
R

ossby w
ave instability

D
ensity m

ap after 100 rotations
Initial condition : m

odel w
ith 

gaussian density profile



 
 

M
igration of the vortex

●
A

fter the relaxation phase, the m
igration rate is constant like in 2D

●
The m

igration rate 6,8.10
-2 A

U
 / 1000 years or 0,126 A

U
/ 100 

rotations (consistent w
ith the 2D

 result )

m
igrationrate

keplerianvelocity
=

5,5.10
−

4



 
 

C
onclusion

●
W

e confirm
 that R

ossby instability occurs in 3D
 as in 2D

.

●
Form

ed vortices are colum
nar quasi-steady structures that 

slow
ly m

igrate tow
ard the central star

●
A sim

ple vortex m
odel obtained as an approxim

ate solution of 
the steady state fluid equations is found to relaxes to such 
vortices. 
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                 In the radial direction

                                                  Vorticity

baroclinic term



 
 

                  In the azim
uthal direction

                                                   Vorticity

B
aroclinic term



 
 

                  In the vertical direction

                                              vorticity

B
aroclinic term


