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2 x W
eather pattern: 

A
strophysical and G

eophysical flow

Proto PLA
N

ETA
R
Y disk: 

generation of Vortices 
PLA

N
ETA

R
Y atm

osphere: 
S
aturns polar vortex



O
utline

:

• Planet Form
ation

 

•G
lobal “Baroclinic” Instability!

•Subcritical “Baroclinic” Instability!
• Goldreich

-Schubert-Fricke
 Inst. 

• Convective
 O
verstability 

• Linear theory and
 non

-linear 
Sim

ulations
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“Birth
 places of Planets:” 

Gas and
 dust disks around

 young
 stars 
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7yrs

t = 0
!!!!!!... a 
miracle 
occurs!
...
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t = 10
3-10

4 yrs
t = 10

5 yrs

t = 10
5-10

6 yrs
t = 10

5-10
6 yrs

  t = 10
6-10

7 yrs

a. Turbulent disk
  b. Hit and stick                     

c. Gravotubulent fragmentation

d. Gravitational focusing
               e. Gas accretion                          

  f. M
igration and scattering
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Synthetic Populations...

...to
 explore

 the
 

im
portance

 of 
m
etallicity, stellar m

ass, 
etc...

...and
 to

 test the
 individual 

m
odeling

 steps of planet 
form

ation
 by com

p
. To

 
observations.
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Planet Form
ation

tim
e

Gravity bound

Surface
 sticking

Gravoturbulent Planetesim
al 

Form
ation

 from
 Gravel 

concentrated
 in

 Vortices and
 

Zonal Flow
s

O
ur Input for Pop. Synthesis:!

1.) Spatial and Size Distribution of 
Planetesim

als!
2.) m

igration and accretion rates of 
planets
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10 cm sized boulders:

V e r t i c a  
l

h o r i z o n t a l
Johansen, Henning & Klahr 2006
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Accretion
 Energy in

 rotating
 system

s => 
Turbulent transport of angular m

om
entum

Hartm
ann

 et al. 1998, 2006
alpha

 = 0.01
W
HY

 D
O

 T
 TAURI D

ISKS
 ACCRETE

?
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Turbulence
 in

 D
isks: 

Candidates
•
Self Gravity until m

ass too
 low

 

•
Non

-linear Shear Instability at critical Re
 

•
M
agneto

-Hydro
 turbulence

  

•
Rossby-W

ave
 Instability (Kelvin

-Helm
holtz

 in
 

disks) 
•
Convective

 O
verstability => Vortices 

(“subcritical baroclinic instability”) 
•
Goldreich

-Schubert-Fricke
 

•
Critical layer (“Zom

bie
 Vortices”) (Phil M

arcus)
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M
agneto Rotational Instability (M

RI) 
drives turbulence in accretion disks

Simulation by M
ario Flock using the Pluto code.
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D
isk:

B
ox:

…
because it is a reliable source for turbulence.
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!!!!!!!1.
Johansen

 &
 Klahr 2005,  

2.
Johansen

, Klahr &
 

Henning
 2006,  

3.
Johansen

, Klahr &
 M
ee

 
2006,  

4.
Johansen

 et al. 2007,  
5.

Flock
 et al . 2010,  

6.
D
zyurkevich

 2011,  
7.

Flock
 et al . 2011a

, 2011b
,   

8.
Uribe

 et al . 2011,  
9.

Johansen
, Klahr &

 
Henning

 2011,  
10.Flock

 et al. 2012a
, 2012b

,  
11.D

ittrich
 et al . 2013, …

 
!512 ^

2 sim
ulation

 
64 M

io
 particles 

Entire
 project used

 15 
M
io

. CPU
 hours.

Gravoturbulent form
ation

 of Planetesim
als - 

Concentration
 of dust in

 Zonal Flow
s in

 M
RI 

turbulence
:
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Used with kind perm
ission by O

liver G
ressel.



Sim
ulations of therm

al 
convection

 in
 disks: 

1999 w
ith

  
Peter Bodenheim

er 
!Large

 Scale
 

3D
 – Sim

ulation
 

90 degree
 

3.5 – 6.5 AU
 

102 x
 40 x

 120 cells 
=> Vortices 
!3D

 Global D
isk

 Sim
ulation

 
flux

 lim
ited

 D
iffusion

 
tem

perature
 m
aintained

 by 
artificial (viscous) heating
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Klahr &
 Bodenheim

er 2003 
Radial Entropy Gradient leads to

 vortices 
som

ehow
...  

Klahr 2004, Johnson
 &

 Gam
m
ie

 2005, etc. :  
not a

 linear instability 
Because

:  

!!

Then
 a

 lot of discussion
 started

... 
...but 4 years later: 

Petersen
, Stew

art and
 Julien

 2007:  
“W
orks w

ith
 the

 right am
ount  

of therm
al relaxation

!” 

!

-0.001 > Ri > -0.01
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Vorticity

radial

Vorticity: Pencil Code: Lyra and 
Klahr 2011; β = 2; N = 256; τc = 1
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φ

Lesur and
 Palaloizou

 2010: ”Subcritical Baroclinic Instability”  

 In
 plane

 C
onvection

 C
ells

: 

20

r
Convective

 O
verstability! 
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Lesur and
 Palaloizou

 2010Lesur and
 Palaloizou

 2010

21

Lesur and
 Palaloizou

 2010: 3D
 Unstratified

 Boussinesq

Lyra
 and

 Klahr 2011: 3D
 Unstratified

 Com
pressible

 + M
HD
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2.5D
 Local (radial - vertical), 

Including
 therm

al w
ind

 / vertical 
shear: turbulen

! How
 com

e
?

22
density

tem
perature

 pert.



12/13/2009
H

ubert K
lahr - Planet Form

ation - M
PIA

 
H

eidelberg

2D
 axissym

etric Pluto
 Sim

ulation
: Tem

perature
 

due
 to

 irradiation
 from

 star and
 therm

al 
relaxation

 tau
 = 0 (also

 w
orks for flux

 lim
ited

 
diffusion

 in
 irradiated

 disks) 
•eeeeeeee

23

Therm
al w

ind
:

Star->

See
 Nelson

, Gressel &
 

Um
urhan

 2013
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2D
 axissym

etric Pluto
 Sim

ulation
:  

24

M
odification

 of Solberg
-Hoiland

 Criterion
, including

 therm
al relaxation

: 
In

 collaboration
 w
ith

 Alexander Hubbard
 

O
r instantanous cooling

: Goldreich
 &

 Schubert 1967 - Fricke
 1968 Instability
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D
isk w

ith radial tem
p. profile:  

T ∼ R
-q w

ith q = 1

25

0.6
0.8

1.0
1.2

1.4
−0.4

−0.2

0.0

0.2

0.4
1

Contours of constant Rotation
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D
isk w

ith radial tem
p. profile:  

T ∼ R
-q w

ith q = 1

26
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0.2

0.4

Z

1
R

2

1

D
isk w

ith radial tem
p. profile:  

T ∼ R
-q w

ith q = 1
Contours of constant Rotation

 and
 angular M

om
entum
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D
isk w

ith radial tem
p. profile:  

T ∼ R
-q w

ith q = 1

27

D
isk w

ith radial tem
p. profile:  

T ∼ R
-q w

ith q = 1
Contours of constant Rotation

 and
 angular M

om
entum

 
and

 kinetic Energy
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D
isk w

ith radial tem
p. profile:  

T ∼ R
-q w

ith q = 1

28

D
isk w

ith radial tem
p. profile:  

T ∼ R
-q w

ith q = 1
Contours of constant Rotation

 and
 angular M

om
entum

 
and

 kinetic Energy
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M
ovie by R

ichard N
elson 
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Is VSI / GSF
 already at stage

 3?

30
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G
.S

.F
. also

 for Ωτ
 ≈

 10 ?31
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G
.S

.F
. also

 for Ωτ
 ≈

 1 ?

32
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Stability of vertically unstratified
 disk

 
(Klahr and

 Hubbard
 2014) 

Stability under the
 influence

 of therm
al relaxation

 

 2010Sim
ilar to

 Lesur and
 Papaloizou

 2010 for finite
 size

 vortices 
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0
.9

1
.0

1
.1

R
[R

0 ]

−
0

.1

0
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0
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z[R0]

Unstratified
Stratified
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Analytic and
 Num

erical results: 
Klahr and

 Hubbard
 2014

36
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This guy knew
 it, but only investigated

 
the

 ĝ
 parallel !

 case
. 

“…
the

 other angles w
ill be

 sim
ilar  

to
 the

 M
HD

 case
…

”
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ApJ 2014
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ApJ 2014
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Stability of vertically and
 

radially stratified
 disks:40
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W
KB Ansatz: m

 << k
R

,z
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G
.S.F.

C.O
.

10
ï4

10
ï2

10
0

10
2

10
4

o1
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<6

10
<5

10
<4

10
<3

10
<2

10
<1

10
0

K

k
R =          50

k
z =           1

z = 0 solid!
z = 0.5 & 1 H …

…
!

z = 1.5 & 2 H —
—

p = -1.5!
q = -1.0
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G
.S.F.

C.O
.
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ï2

10
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k
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q = -1.0



12/13/2009
H

ubert K
lahr - Planet Form

ation - M
PIA

 
H

eidelberg
45

10
−4

10
−2

10
0

10
2

10
4

o1

10
<6

10
<5

10
<4

10
<3

10
<2

10
<1

10
0

K

k
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k
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G
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C.O
.

p = -1.5!
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…
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z = 1.5 & 2 H —
—
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Incom
pressible lim

it: cs -> inf.

G
.S.F. or V.S. instability

Convective O
verstability
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C
.O

. Ωτ
 = 10; p

 = -0.66; q
 = 1; H

/R
 = 0.148
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Evolution
 of largest velocity 

in
 sim

ulation
 dom

ain
:49
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G
.S.F.

C.O
.

z = 0 solid!
z = 0.5 & 1 H …

…
!

z = 1.5 & 2 H —
—

Num
erical Result vs. linear theory
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K
k
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k
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R
adial Stratification of acc. disks: 
M

odeling observational data  
from

 Sean A
ndrew

s 
alpha = 0.001; M

dot = 1E-7 M
sol/yr; 

Plus irradiation: Tstar = 4300; R
star = 2 R

sol

51

p
q

β
Σ

β
P

β
S

β
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Richardson
 num

ber & 
therm

al diffusion
 tim

e

52
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�therm

–
6
–

N
2
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�
1⇤

HR
⇥
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p �
2

(1)

R
i 2

=
N

2

�
32 �

⇥
2

(2)

⇧
th
erm

=
H

2/
D⌅c

v
(3)

T
h
e
satu

rated
state

p
resents

a
tu
rb
u
lent

fl
ow

d
om

in
ated

by
in
ertial-acou

stic
w
aves

(M
am

atsashvili
&

C
h
agelishvili

2007
;H

ein
em

an
n
&

P
ap

aloizou
2008)

w
ith

velocity

fl
u
ctu

ation
of

10%
of

th
e
sp
eed

of
sou

n
d
an

d
p
rod

u
cin

g
�
-valu

es
of

at
least

a
few

tim
es

10
�
3.

V
ortices

are
form

in
g
sp
ontan

eou
sly

ou
t
of

th
e
creation

of
p
otential

vorticity.
T
h
ese

vortices
sh
ow

n
o
sign

of
d
ecay,

yet
d
raw

th
e
en
ergy

ou
t
of

th
e
glob

al
entropy

grad
ient,

thu
s

p
rovid

in
g
entropy

fl
u
x
d
ow

nw
ard

th
e
grad

ient,
like

in
stan

d
ard

convection
th
eory.

O
n
ce

again
th
is

d
em

on
strates,

th
at

th
e
G
B
I
is

a
kin

d
of

convection
in

th
e
rad

ially
d
irection

of
accretion

d
isks

u
n
d
er

th
e
sp
ecial

circu
m
stan

ces
of

sh
ear

an
d
th
e
K
ep
lerian

e⇥
ective

p
otential.

T
h
e
latter

h
as

th
e
e⇥

ect
th
at

u
n
like

in
a
S
chw

arzsch
ild

criterion
th
ere

is
n
o

p
referred

entropy
grad

ient
for

in
stab

ility.
In

fact
p
ositive

an
d
n
egative

entropy
grad

ients

lead
to

th
e
sam

e
in
stab

ility
for

th
e
G
B
I
in

th
e
local

ap
p
roach

.
A

d
iscu

ssion
of

th
at

p
h
en
om

en
on

can
also

b
e
fou

n
d
in

K
lah

r
(2004),

w
h
ere

w
e
also

sh
ow

th
at

in
a
glob

al
d
isk

th
e

sym
m
etry

b
etw

een
p
ositive

an
d
n
egative

entropy
grad

ients
is
b
roken

,
yet

also
in

glob
al

d
isks

th
ere

are
p
aram

eter
sp
aces

w
h
ere

rad
ially

in
creasin

g
entropy

w
ill

lead
to

th
e
d
evelop

m
ent

of
th
e
G
B
I.

T
h
e
follow

in
g
section

w
ill

d
escrib

e
th
e
gen

eral
equ

ation
s
solved

in
ou

r
H
yd

ro
cod

e

T
R
A
M
P
(very

sim
ilar

to
th
e
w
ell

kn
ow

n
an

d
w
id
e
sp
read

Z
E
U
S
cod

e
by

S
ton

e
&

N
orm

an
)

an
d
h
ow

th
e
im

p
lem

entation
of

th
e
glob

al
entropy

grad
ient

can
b
e
d
erived

.
S
ection

3
w
ill

p
resent

a
cru

cial
1D

axis-sym
etric

test
for

th
e
stab

ility
of

th
e
sch

em
e
an

d
p
rovid

es
lim

its

on
th
e
m
in
im

u
m

len
gth

of
th
e
coolin

g
tim

e
in

th
e
sim

u
lation

w
ith

an
entropy

grad
ient

M
R

I           B
I
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Pedram
 Hassanzadeh, !

and Daniel Lecoanet
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Convective
 O
verstability: Klahr and

 Hubbard
 2014: 

For given
 radial pressure

 and
 entropy gradient:
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Basic Picture
 2: Starving

 M
ode

... 
H
uge

 C
oncentration

 in
 traps

: 100-10000

V
ortices

: 1-10 A
U

 
R
aettig

 2012
Zonal Flow

s
: > 10 A

U
 

D
ittrich

 et al. 2013
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Conclusions

•
2 new

 / rediscovered
 instabilities that 

should
 occur in

 suffi
ciently M

HD
 dead
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