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Outline

1. Diversity of Satellites (main characteristics of 

selected satellites)

2. Overview on Outer Planet Satellite Systems

3. Orbital Evolution (Tides, Oceans, Resonances)

4. Stability of Orbits (example of an extrasolar 

system)



Sizes of Planets and Satellites



Io 

- geologically most active 
body in the Solar System

- continous surface alteration

- silicate volcanism

- enormous surface heat flux 
(several watts per m²)

- subject to extreme  tidal 

forces



Europa 

- surface of water ice

- lots of evidence for past (maybe 
ongoing) geologic activity

- complex geology

- young surface age 
(~ 30 ï150 Ma)

- subsurface ocean



Ganymede 

- largest satellite 

- highly differentiated

- intrinsic magnetic field

- past intense geologic activity

- surface modified by tectonism

- two different types of terrain         
(dark, heavily cratered, bright       
grooved terrain)

- subsurface ocean



Callisto 

- similar in size, mass and 
bulk composition to 
Ganymede

- old cratered surface

- almost no geologic              
activity

- not fully differentiated

- subsurface ocean



Saturn: Titan 

Dense Atmosphere

Geologic Activity

Methane Cycle

(see lecture by R. Jaumann)



Saturn: Enceladus 

Active Cryovolcanism

Young and old surface terrain

Thermal Activity

Tidal heating as a driver?

Source of Saturnôs E-ring



Saturn: Iapetus 

- Two hemispheres with different albedo

- Shape consistent with hydrostatic 

euilibrium of an early rotation state

- shape was ófrozenô during de-spinning

-- huge equatorial ridge



Saturn: Small Satellites 

Hyperion

Phoebe



Uranus 

Miranda             Ariel                 Umbriel                Titania                  Oberon 



Neptune: Triton 

-- Captured satellite

-- former KBO

-- Retrograde rotation

-- Active surface



Planetary Satellites

Satellite Count:
System total   R>190km

Jupiter 63 4

Saturn 59 7

Uranus 27 5

Neptun 13 2

Pluto 3 1

Satellite systems, compared



Satellite Systems

Jupiter  

Io
Europa
Ganymede
Callisto

Uranus

Miranda
Ariel
Umbriel
Titania
Oberon

Neptune 

Proteus
Triton

Saturn 

Mimas
Enceladus
Tethys
Dione
Rhea
Titan
Hyperion
Iapetus

Orbits scaled to Jupiter's radius



Satellite Systems

Jupiter 

Metis
Adrastea
Amalthea
Thebe
(Io)

Uranus 

Cordelia
Ophelia
Bianca
Cressida
Desdemona
Juliet
Portia
Rosalind
Belinda
Puck
(Miranda)

Neptune 

Naiad
Thalassa
Despina
Galatea
Larissa
(Proteus)

Saturn 

Pan
Atlas
Prometheus
Pandora
Epimetheus
Janus
(Mimas)

Inner satellites, scaled to the respective planet radius.



Satellite Systems
Irregular satellites (radii of a few up to 10's of km))

Jupiter                                                  Saturn

The irregular satellites have high inclinations and large eccentricities. 
Their orbits are often retrograde indicating that these are captured 
objects.



Satellite Systems

Uranus                                                  Neptune

http//www.ifa.hawaii.edu/~sheppard/satellites/

The number of satellites is smaller at Uranus and Neptune due to an observational 
bias.



Outer Solar System Satellites

Jupiter

Saturn

Uranus

Neptune

Pluto-Charon



Large Satellites

Ice is a major 
component in the 
interior of outer 
planet satellites

- Rocky Moons: Io, Earth's Moon, (Europa)
- Large Icy Satellites: Ganymede Callisto, Titan
- mid-sized satellites: Saturn's moons (without Titan), the moons of Uranus
- Trans-Neptunian Objects and Triton



Temperature gradient in the Solar Nebula 

Volatile components can condense in the outer solar system.

Outer planet satellites contain large fractions of water-ice.



Comparative Study of the Galilean Satellites

Greeley, 2004



Density Gradient in the Jovian System

Density gradient of 
the Galilean satellites

Io:                   0% ice
Europa:        10% ice
Ganymede:  50% ice
Callisto:        50% ice



The Saturn System

Lack of density gradient in the Saturnian system.

distance, r/RSaturn

Iapetus

Titan
Enceladus

Tethys

Rhea

Dione

Mimas



Orbital Elements

To define a state of a point-mass in space at a time t, 6 quantities, e.g. 3 spatial 
coordinates and 3 velocities x, y, z, v

x
, v

y
, v

z
must be specified. The 6-dimensional 

vector (x, y, ,z, vx, vy, vz) is called the state vector.

For the description of elliptical orbits the use of orbital elements is common.

e.g. Keplerian elements:
a   semi-major axis
e   eccentricity
I    inclination (relative to a defined plane)
ɋ  longitude of ascending node
ɤ  argument of pericenter
f    true anomaly

The semi-major axis and the eccentricity describe the shape of the orbit; inclination, 
ascending node and arg. of pericenter describe its orientation in space. The true 
anomaly gives the position of the object along the orbit at time t.

Several other sets of orbital elements are in use. However, transformation into these 
systems or into the state vector is always possible.



Orbital Elements

i Inclination
ɋ longitude of 
ascending node
ɤ argument of
pericenter
a semi-major axis

Not shown here:
- eccentricity
- True anomaly



Two-Body Problem

Newton's law: Force of M on m:

Equation of motion: 

(acceleration of m, due to M)

In general: acceleration = gradient of the potential

Special 2-body case: potential of the point-mass M: 

M

m



The Two-Body Problem

Keplerôs Laws:
1.  The orbit of every planet is an ellipse with the Sun at 
a focus.

2.  A line joining a planet and the Sun sweeps out equal 
areas during equal intervals of time.
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Tides



Tides: the Earth-Moon System

Tidal forces arise due to the gravitational interaction of extended bodies.
Example: Tides raised on Earth by the Moon



Tides: the Earth-Moon System

Tides on Earth are a consequence of the centrifugal force of the Earthôs 
rotation around the Earth-Moon barycenter combined with the variation of the 
gravitational atraction of the Moon.

Moon facing hemisphere: gravitational attraction of the Moon dominates
Opposite hemisphere: centrifugal force dominates
The resulting acceleration (black arrows) is only a small fraction of the 
gravitational acceleration of the Earth itself. However, lateral ocean currents 
form the tidal bulges in the oceans.



Tides

In an external gravity field planetary bodies can be deformed. Part of the 
deformation is inelastic. This leads to tidal friction, which can be an internal 
heat source. A consequence of the dissipation of energy is the decrease of 
rotation periods. 

During this phase of de-spinning stable couplings between rotational and 
orbital period can occur. Most common for satellites is the 1:1 spin-orbit 
coupling.



Synchronous Rotation

The synchronous rotation state is a 1:1 coupling between rotation period and 
orbital period.

All major satellites and all the inner small satellites are locked in a 
synchronous state. 

The central planet decreases the rotation rate of the satellite until the torques 
reach a minimum. In case of a circular orbit the torques vanish completely.

The time-scale on which satellites get into the synchronous state is 
significantly smaller than the age of the solar system.

dɋ/dt = 3k
2
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s
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p
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s
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s
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ɋ rotational angular velocity
k

2  
the satelliteôs Love number 

Ŭ axial moment of inertia
Q dissipation factor
m mass
a semi-major axis
n mean motion

Moon 20 Ma

Io 2 ka

Europa 40 ka

Hyperion 1 Ga

Triton 40 ka

Charon 600 ka

Pluto 10 Ma



Tides in synchronous  rotation

In non-circular orbits gravitational forces are varying with time deforming 
the planet periodically.
The friction due to the tidal flexing is an internal heat source.

=> librational tides
=> radial tides

ɤ spin
n orbital angular velocity

ɤ = n

ɤ = n

ɤ > n ɤ < n



Tides

Io

Europa

Ganymede

Callisto

Earth

Jupiter

Moon

Io

Mass and size of Jupiter and the small distance of the satellites cause strong 
tidal forces. This is an important energy source in the Jupiter system.


