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Diversity of Saturn’s satellites and environments

Diversity of formation processes ?
In situ formation may not be the unique process

In situ formation Problem: 
Varying 

abundance of 
silicates

+
orbits

Captured

Problem: 
Dynamic age <<

Solar System
+

orbits

R
in

gs

propellers

???
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A ring

Atlas

a=137700km

Division d’Encke

Pan

a=133600km

A ring
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Large scale
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Back to the rings
Association with satellites? 
Total Mass ?
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1

2

3

Pan Daphnis Atlas
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Bord de Encke
1pixel~ 250 m
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Ondes de 
densité

Janus
Pandore
Prométhée

1pixel ~ 250 m
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Prométhée rencontre l’anneau F
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Accélération de gravité à la distance R 
A=GM*/R2 = R  Wk

2 => Az= R  Wk
2 sin(i)= Wk

2 H 

Épaisseur du disque

H
Accélération verticale ~ Wk

2 H �
Energie potentielle Ep=1/2r Wk

2 H2

Energie cinétique Ec=1/2 r Cs
2

Ecinétique =Epotentielle =>  H~ Cs/Wk   
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Back to the rings
Association with satellites? 
Total Mass ?
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Pan Daphnis Atlas
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Gravitational instability
Mécanisme de fragmentation : Le critère de Toomre
Considérons un « grumeau » de matière de taille D à la distance R de l’étoile

DR

Densité de  surface : S ,  masse du grumeau : M= S � D2

3 sourcres of energy

E grav

E kinetic= E random motion + E keplerian shear

=   ET + E K
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E thermique ~ 
2

SMC

E Képlerienne ~ 2)( DM W

Critére d’instabilité :

E grav >> ET   et   E grav >> E K 1<×
grav

K

grav

T

E
E

E
E

+D/2 W

-D/2 W

E gravitation ~  DG
D

GM
Sp~

2

!! Attention M est la masse du grumeau
pas de l’étoile.

La masse de l’étoile intervient indirectement dans le W=(GM*/R)1/3

11 <
S

W
�<×

pG
C

E
E

E
E S

grav

K

grav

T

Critère d’instabilité de Toomre

Q < 1 : instable     Q > 1 : Stable

En posant Q<1 on en déduit une « densité de surface critique » pour déclencher
L’instabilité gravitationnelle

a �
bc d

�e
f 6? =



����������

�5

*

34
M
a

D
S

»
pI�����������M������

	
�		�����@����O��
! �����
� "
A48-�.(C

11 <
S

W
�<×

pG
C

E
E

E
E S

grav

K

grav

T D��������
�O����
��	��M

P

)��
���� ��H�����	
����

)
����

Q0��	
�������		������
Q ��
 ��
����
Q ���	���
�����
�

�� 5 �
����	���1#����-������
	������:�B.



����������

�6

D�����

D	������������	
��� 2�D������-�������� �
�����



����������

�7

3�����

3������2�R����������-�������
����� #$���'�����
��	� ���� �� �	��
9������ � ����
��	�� 2�������� �� ������ �����
��� '� �� ��������
���������



����������

�.

9������ � ����
��	�� ������ '��� ����������� �� ������ � �� 
�������
���� ��������
I�����������
	 ����� A:�B� ������		�������
��C�
#$�)��
� ��������������� �
� ���� ����� �
������� �����	 �'������������		
�����

*�����



����������

�>

G������ 
'
 ���� �����	
��� 
��������
�� ������

8*�F)

� ��
������ �	����

� �����
���  �������

&�����2��������
��������	�'������������
�	�������� �*������A'�������������
�%C



����������

�?

G������

������������	�
������	������������	�������������� �

��������������� ���	��������������	���������� �����������



����������

(�

Prométhée rencontre l’anneau F

Creation of elongated moonlets in less than 100 orbits…

Prometheus Pandora

Charnoz et al., Science 2005
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Modeling viscous spreading

� Evolution of disk's surface density     with viscosity     :

90)DI)0�,�VV

������
��	
� �
����� ����� V

74

Viscous spreading : constant viscosity

(Source : Pringle 81)

Smooth edges
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Self-gravity : formation of small 
particle aggregates
� Julian-Toomre instabilities

Toomre Q parameter :

� Q < 1 : gravitational instability
� Salo 1995 : in rings, self-gravity wakes form when Q < 2

?�������������������+�������������� ��	��$������	 ��� ��������������� %%
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Viscosity of a particulate disk from N-body simulations

Results from N-body simulations
(Daisaka et al. 2001)

With Self-Gravity

No Self-Gravity

How does this change the disk’s viscous evolution ?
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Viscosity model
Non-self-gravitating disk :

Self-gravitating disk (Daisaka et al. 2001):

80

Numerical simulation of the ring's viscous 
evolution

What is the viscous evolution
� of an initially narrow ring

� with variable viscosity

� over 5 billion years

Numerical resolution with hydrocode “HYDRORINGS”

1D (radial) finite-elements code with staggered grid
� Simpler physics
� Allows long-term & large-scale simulations !

?
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Viscous spreading with variable viscosity

82

Viscous spreading with variable viscosity

Constant 
viscosity
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Viscous spreading with variable viscosity

material falls onto 
the planet

material crosses the 
Roche limit

84

Viscous spreading over 5 billion years
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Self-gravity transitions

Surface density at t=5 Gyrs

Marginally gravitationally 
stable zone (Q~2)

86

A similar behavior in gaseous disks
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87

Disk mass evolution

Initial mass : 1 mass of Mimas

30% of initial mass remains

88

Influence of initial mass

Initial mass

Loss of mass rate 
decreases over time



����������

56

89

Mass of a fully non self-gravitating disk

90

Comparison with today's rings

B ring

A ring

Marginally 
stable zone 
Q~2
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Orbital Architecture
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INCLUSION OF SATELLITE ACCRETION

Roche Limit 
(in the sense of Canup & Esposito 1995)

���� satellite

When the disk spreads beyond
The Roche .L. 
� A satellite is formed

When two satellite cross
They accrete

RINGS VISCOUSLU SPREAD

10&4

Grav. Torque @ resonances

Back-rection on satellites

Outward motion 
Of satellites

Tidal torque from planet

� Need to couple disk and satellite evolution 

� take Hydro disk model from planetary formation tools
� Take N body code
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Spreading of
A ringlet

� Non constant viscosity

(Daisaka et al., 2001)

Charnoz et al.,  2009

Spreding of a Self gravitating
Disk (Salmon et al. , 2010)

Couplage avec l’evolution dynamique des satellites

=> Accrétion des satellites au bord de la limite de Roche !

Disque Satellites

Charnoz,  Salon, Crida, Nature 2010
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Masse : increasing function of distance 

Simulation

Observations

SIZE DISTRIBUTION OF SATURN’S SMALL MOONS
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