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The baroclinic Instability
●

The baroclinic instability originates from
 the 

production of vorticity by the baroclinic term
 :

●
In the context of protoplanetary disk it is a w

ay 
to obtain vortices w

hich m
ay be able to 

concentrate solid m
aterial.
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S
olved equations

Tw
o dim

ensional E
uler equations in cylindrical coordinates for a 

perfect gas in a central potential w
ith cooling rate Q

.
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Initial condition
●

E
quilibrium

 state
σ
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●
P

erturbed state : 
sm

all density bum
p 

around 7.5 A
u  



 
 

H
eat transfert

Tw
o cases w

ill be considered :
●

H
eat transfert is due to therm

al relaxation :

          w
here Te is the equilibirum

 tem
perature and τ is      

          the cooling tim
e 

●
H

eat transfert is due to therm
al diffusivity  in the 

gas :

w
here Δ

 is the laplacian  

Q
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S
chw

arzschild stability criterion
●

B
runt-V

äisälä frequency : 

●
S

tratification of the disk:
●

If p>q/(γ-1)==>
N

2>0
==>

S
table 

●
If p<q/(γ-1)==>

N
2<0

==>
U

nstable

N
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S
table disk (N

2>0) w
ith therm

al 
relaxation 

●
P

=1.5 and q=0.5
Vortices form

 and m
erge but cannot grow

  



 
 

U
nstable disk (N

2<0) w
ith therm

al relaxation 

●
p=1  and q=0.5

Vortices m
erge and grow

   



 
 

S
tructure of the form

ed vortex
Vorticity

Tem
perature

P
ressure

D
ensity



 
 

Instability m
echanism

●
A

t point  A : T<T
e

●
A

long A
B

 : T increases due to 
therm

al relaxation so σ decreases 
due to therm

al dilatation
●

A
t point B

 : as σ is sm
aller than 

density equilibium
, gravity is sm

aller 
than pressure gradient

●
A

long B
C

 : a positive radial force is 
applied on fluid particles

●
A

t point C
 : T>T

0

●
A

long C
D

 : T decreases et σ 
increases

●
A

t point D
 : gravity is stronger than 

pressure gradient 
●

A
long D

A :  a negative radial force is 
applied on the fluid particles

A B
CD

> Fluid particles are accelerated  
 

along A
B

 and C
D

> Fluid particles are therm
alized  

             along A
B

 and C
D



 
 

C
ooling tim

e versus aspect ratio
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A
spect ratio

●
Fluid particules are therm

alized 
along A

B
 and C

D
●

W
hen cooling is slow

, fluid needs a 
long tim

e to be therm
alized ; so, A

B 
and C

D
 are longer than B

C
 and A

D
●

W
hen cooling is fast, fluid is quickly 

therm
alized ; so, A

B
 and C

D
 are 

shorter than B
C

 an A
D

.

A B
CD

In consequence :
the longer the cooling tim

e (τ), the greater the aspect ratio



 
 

B
aroclinic instability w

ith therm
al 

diffusivity
●

Form
ation of hollow

 vortex w
hich is destabilized 

w
hen it size increases

●
G

row
th of enstrophy : production of vorticity



3D
 baroclinic instability

–
3D

 sim
ulations begin in a sim

ilar w
ay as 2D

 ones: 
sm

all vortices are form
ed

–
Vortices do not survive :

they are distroyed and vanish

Vorticity after 30 roations : H
orizontal section in 3D

 sim
ulation

2D
 sim

ulation



 
 

3D
 M

echanism
●

E
ach baroclinic vortex is accom

pagnied by an over-
pressure centered on the vortex

●
In the horizontal direction : 
the pressure gradient is balanced by C

oriolis forces
●

In the vertical direction :
 

the pressure gradient is unbalanced 
and the vortex is strechted out

●
The elliptical instability m

ay also play a non 
negligible role in the vortex destruction



 
 

C
onclusion

●
2D

 baroclinic instability leads to various vortices 
that can grow

 and becam
e very large.

●
These vortices are pow

ered by the instability as 
long as the instability conditions are available. 

●
D

ifferent kind of vortices are found for different heat 
transfert

●
H

ow
ever, it is not yet clear w

hether such vortices 
can also exist in 3D

.


