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Die Namensgeber

Entdecker der wahren Natur 
der Saturnringe und des 
Mondes Titan  

Christiaan Huygens 
(1629-1695)



Saturns Ringe: Galileo Galilei

Siderius Nuncius: 1610

Ansa (lat. Henkel)



Saturninterpretationen

I     Galileo 1610
II    Schreiner 1614
III   Ricolli 1614 oder 1643
IV-VII Hevel
VIII, IX Ricolli 1648,1650
X    Divini 1646-48
XI   Fontana 1636
XII  Biancani 1616
XIII Fontana 1644-45



Huygens: „Sytema Saturnium“

korrekte Erklärung der teleskopischen Beobachtungen 
durch die Neigung der Ringebene zur Erde



Die Namensgeber

Entdecker der wahren Natur 
der Saturnringe und des 
Mondes Titan  

Christiaan Huygens 
(1629-1695)

Giovanni Dommenico Cassini 
(1625-1712)

Entdecker der Saturnmonde  Iapetus, 
Rhea, Tethys und Dione sowie der 
Teilung zwischen A- und B-Ring



Cassini Orbiter (NASA)



Huygens-Sonde (ESA)



Der lange Weg zum Saturn



Das Saturn-System

Aufnahme während einer Sonnenbedeckung



Beobachtungsgeometrie

Sonne

von oben

seitlich

Quelle: M. Hedmann

Bedeckungen sind ideal zur Beobachtung von kleinen Teilchen 



Quelle: M. Hedmann

Lichtstreuung an Teilchen
Der Anteil des am Teil-
chen gebeugten Lichts 
entspricht ungefähr dem 
reflektierten Anteil

Der Öffnungswinkel des 
Streukonus ist  jedoch 
~Wellenlänge/Größe 

Sichtbares Licht:
  1cm Teilchen:  <0.01°
10µm Teilchen: 1°



G-Ring

Das Saturn-System

Sie sind hier

E-Ring

F-Ring

A-Ring

B-Ring

C-Ring D-Ring

Cassini-Teilung



Das Saturn-System



Saturn



Wolken und Stürme



Wolken in den oberen Schichten



Wolken in tiefen Schichten

30 km Tiefe



Saturns „Perlenkette“



Sturm am Südpol

460 nm 752 nm 728 nm

2800 nm 5000 nm890 nm

reflektiertes 
Sonnenlicht

Licht aus 
dem 

Planeten-
inneren

Temperatur-
verteilung



Der Südpol-Wirbel



Sturm am Nordpol



Das „Hexagon“



Die Ringe



violet:  Teilchen > 5cm
grün:   Teilchen < 5cm
blau:    Teilchen < 1cmAuflösung: 10km

Wie groß sind die 
Ringteilchen?



Wie dick sind die Ringe?

~30 m!



Cassini-TeilungCassini-Teilung

Schatten der 
Cassini-Teilung Schatten des A-Rings

Schatten des B-Rings

Schatten des C-Rings

Cassini-Teilung

A-Ring

F-Ring

Mimas



Wieso sind die Ringe so dünn?
• aufgrund der großen Teilchendichte 

kollidiert jedes Ringteilchen ungefähr 
10 mal pro Orbit

• dissipative Stöße „kühlen“ die Ring-
teilchen

• thermodynamisches Bild fruchtbar:

Bild: Bill Hartmann

• je „kälter“ der Ring, desto geringer dessen vertikale Dicke und desto 
höher die Teilchenzahldichte in der Ringebene

• je dichter der Ring, um so größer die Stoßfrequenz der Ringteilchen 
und um so „wärmer“ der Ring

• Ringdicke wird durch Gleichgewicht zwischen „Kühlung“ durch 
dissipative Stöße und „Heizung“ durch Kepler-Scheerung eingestellt!



Feinstruktur der Ringe



Ursachen für die 
Feinstruktur

• gravitative und viskose Instabilitäten

• Wellen und Resonanzen

• Lücken, Bugwellen und „Propeller“ erzeugt 
durch kleine Monde



Resonanzen

Dichtewelle
12:11-Resonanz mit Prometheus

Biegewelle
5:3-Resonanz mit Mimas



Selbstgravitationsbugwellen
im A- und B-Ring 

Simulation: Heiki Salo

• Selbstgravitation bildet 
temporäre ~100m 
lange und ~10m breite 
Filamente

• Abstand: Toomre-
Wellenlänge ~50m

• 20..25° zur mittleren 
Bewegungsrichtung 
geneigt



SG-Bugwellen beobachtbar

Ringhelligkeit hängt von der Beobachterposition ab!



Propeller, Lücken und Monde

Gravitationswirkung kleiner Ringmonde kann (mehr oder 
weniger geschlossene) Lücken im Ring öffnen

Spahn & Schmidt



Cassini entarnte 7km große Daphnis als Wellenmacher

Keeler-Lücke



Pan „öffnet“ die Encke-Lücke

aus Wellenlänge und Amplitude der Kantenwelle kann die 
Bahn und die Masse des Ringmonds bestimmt werden!



noch kleinere Monde 
erzeugen „Propeller“

typische Größen von 60 bis 100m
Sremcevic et al., Nature, 2007



Propeller im A-Ring

Tiscareno et al., Nature, 2006



Der D-Ring



Stark veränderte D-Ring-
Strukur seit Voyager 1

D73

D73 D68

D68

• D72 bewegte sich um 
200 km nach innen und 
wurde wurde erheblich 
schwächer

D72

D72



D-Ring



Erklärungsversuch
• Ring-Bezugsebene wurde 

innerhalb eines kurzen 
Zeitraums bezüglich der 
Saturn-Ringebene „verkippt“

• Störkräfte aufgrund der 
Abplattung des Saturns 
bewirken Rotation der 
Bahnknoten der Ringteilchen

• differentielle Rotation der 
Ringteilchen bewirkt eine sich 
aufwindende Spiralstruktur

• Wellenlänge zeitlich 
abnehmendHedman et al., Icarus, 2006



Modellvorhersagen

• radiale Wellenzahl 
k ~ λ-1 ist lineare 
Funktion der Zeit

• Windungsrate 
dk/dt ~ 2.4⋅10-5 km-1d-1

• k=0: Frühling 1984

• Einschlag eines 
metergroßen Eisblocks 
ausreichend 

Modell sagt sowohl den Zeitpunkt der „Verkippung“ als auch 
den Zeitpunkt des Verschwindes der Strukturen vorher



Der F-Ring



Schäfer-Monde formen 
den F-Ring

Pandora (84 km Durchmesser) 

Prometheus (102 km Durchmesser)



Hirten-Monde 
bei der Arbeit

• Ringmaterial zwischen 
den Bahnen zweier dicht 
benachbarter 
Ringmonde wird zu 
einem dünnen Ring 
verdichtet

• „inverse“ Ringlücke



Der „Prometheus“-Effekt



Der „Prometheus“-Effekt

horizontal: 147 000 km (60°)
vertikal:     1500 km

• aufgrund seiner exzentrischen Bahn nähert sich der 
innere Mond Prometheus aller 14.7 Stunden den F-Ring

• Gravitation des Mondes erzeugt „Kanäle“ im F-Ring

• innere Ringteilchen bewegen sich langsamer relativ zu 
Prometheus als äußere Teilchen: „Scheerkraft“



Simulation 
der Kanal-

bildung

C. Murray, Queen Mary College London, 2006



Hirten-Monde erzeugen Knoten 
und Verbiegungen in den Strängen 



Die Monde



Mimas



Hyperion



Iapetus







Wasser auf Enceladus
die Geschichte einer 

Entdeckung



• R: 3.94 RS

• Größe: 499 km

• Umlaufzeit: 1.37 d

• höchste Albedo aller 
Körper des Sonnen-
systems

• reine Wassereisober-
fläche

Enceladus







Anomalie im magnetischen Feld 



Enceladus ist Quelle des E-Ring 



• einige Ejekta entweichen aus 
dem Gravitationsfeld des Monds 
und frischen das Ringteilchen-
reservoir auf.
(Horanyi et al., Icarus, 1992)

• Gravitativ gebundene Teilchen 
bilden näherungsweise eine 
isotrope Staubwolke um den 
Mond (beobachtet für die 
Galileischen Monde
(Krüger et al., Nature, 1999))

Mikrometeoriteneinschläge auf die Mondoberfläche erzeugen 
zahlreiche Ejekta-Teilchen

Sremcevic 2005

Wie wird der Staub erzeugt?



Staubdaten

Fitting combinations of both contributions with a
consistent E-ring particle background to the data,
and requiring that no second peak develops in the
rate at the closest approach, we can estimate the
maximal strength of the impactor-ejecta dust
creation at Enceladus relative to that of the south
pole source (Fig. 1B). From this fit (HRD data
for Rp 9 2 mm), we can infer the rate of particles
larger than 2 mm emitted by the south pole
source and escaping the moon_s gravity to
amount to 5 ! 1012 particles s–1, whereas the
impactor-ejecta mechanism would produce at
most 1012 such particles s–1. These numbers
correspond to an escaping mass of at least 0.2
kg s–1, assuming Rp 0 2 mm for all grains. For
an extended size distribution, this rate may
extend to kilograms per second. The E-ring
particle background, which is naturally contained
in the HRD data, has been simulated, following
the motion of particles subject to gravity and
perturbation forces (18, 19), until they are lost in
collisions with Enceladus, other E-ring moons, or
the main rings. A self-consistent combination of
the simulated dust populations is in reasonable
agreement with the observed HRD rate (Fig. 1B).

A differential particle size distribution in-
ferred from the data of both HRD sensors fits to a
power law n (Rp) º Rp

a with a slope a È j3

that remains almost constant during the flyby
(Fig. 1C). This near constance of the exponent
indicates that the dynamics of larger grains is

Fig. 2. Side view of a simulated
dust plume at Enceladus’ south
pole. Contours of equal column
particle density are shown in a
Cartesian frame fixed at the
center of the moon. The brightest
contour denotes 107 particles per
m2, the column density dropping
by one-half from level to level.
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Fig. 1. Comparison of
the CDA data to simu-
lations. (A) Particle den-
sity in the plane of
Cassini’s trajectory esti-
mated from simulations,
darker shades referring
to a higher density. The
impactor-ejecta process
(left) leads to a more
symmetric dust cloud,
whereas a localized source
at the south pole of the
moon (right) shows a
strong asymmetry. Circles
denote the intersection of
the plane with the Hill
sphere of gravitational in-
fluence, and the normal
projection of the moon’s
center (not in that plane)
is marked by a cross sym-
bol. Cassini’s trajectory is
plotted as a dash-dotted
or dashed line, respective-
ly. The central plot shows
the count rates predicted
by the simulations com-
puted along the actual
spacecraft trajectory, both
normalized to the peak
rate of the data shown
in histogram mode. (B)
The sum of the rates de-
rived from the two sim-
ulations and the simulated E-ring background, normalized to the
observed peak rate. The maximal strength of the impactor-ejecta process
relative to that of the south pole source is chosen in a way that no
secondary peak develops in the combined rate near the closest approach.

(C) The slopes of the differential size distribution n (Rp) º Rp
a versus

time to the closest approach. The increase of a for t 9 4 min is due to a
maneuver of Cassini and the related change in the instrument’s
boresight.
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Staubhülle
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pole source (Fig. 1B). From this fit (HRD data
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lations. (A) Particle den-
sity in the plane of
Cassini’s trajectory esti-
mated from simulations,
darker shades referring
to a higher density. The
impactor-ejecta process
(left) leads to a more
symmetric dust cloud,
whereas a localized source
at the south pole of the
moon (right) shows a
strong asymmetry. Circles
denote the intersection of
the plane with the Hill
sphere of gravitational in-
fluence, and the normal
projection of the moon’s
center (not in that plane)
is marked by a cross sym-
bol. Cassini’s trajectory is
plotted as a dash-dotted
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the count rates predicted
by the simulations com-
puted along the actual
spacecraft trajectory, both
normalized to the peak
rate of the data shown
in histogram mode. (B)
The sum of the rates de-
rived from the two sim-
ulations and the simulated E-ring background, normalized to the
observed peak rate. The maximal strength of the impactor-ejecta process
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secondary peak develops in the combined rate near the closest approach.
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a versus
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Staubdaten
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creation at Enceladus relative to that of the south
pole source (Fig. 1B). From this fit (HRD data
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larger than 2 mm emitted by the south pole
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amount to 5 ! 1012 particles s–1, whereas the
impactor-ejecta mechanism would produce at
most 1012 such particles s–1. These numbers
correspond to an escaping mass of at least 0.2
kg s–1, assuming Rp 0 2 mm for all grains. For
an extended size distribution, this rate may
extend to kilograms per second. The E-ring
particle background, which is naturally contained
in the HRD data, has been simulated, following
the motion of particles subject to gravity and
perturbation forces (18, 19), until they are lost in
collisions with Enceladus, other E-ring moons, or
the main rings. A self-consistent combination of
the simulated dust populations is in reasonable
agreement with the observed HRD rate (Fig. 1B).

A differential particle size distribution in-
ferred from the data of both HRD sensors fits to a
power law n (Rp) º Rp

a with a slope a È j3

that remains almost constant during the flyby
(Fig. 1C). This near constance of the exponent
indicates that the dynamics of larger grains is
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sity in the plane of
Cassini’s trajectory esti-
mated from simulations,
darker shades referring
to a higher density. The
impactor-ejecta process
(left) leads to a more
symmetric dust cloud,
whereas a localized source
at the south pole of the
moon (right) shows a
strong asymmetry. Circles
denote the intersection of
the plane with the Hill
sphere of gravitational in-
fluence, and the normal
projection of the moon’s
center (not in that plane)
is marked by a cross sym-
bol. Cassini’s trajectory is
plotted as a dash-dotted
or dashed line, respective-
ly. The central plot shows
the count rates predicted
by the simulations com-
puted along the actual
spacecraft trajectory, both
normalized to the peak
rate of the data shown
in histogram mode. (B)
The sum of the rates de-
rived from the two sim-
ulations and the simulated E-ring background, normalized to the
observed peak rate. The maximal strength of the impactor-ejecta process
relative to that of the south pole source is chosen in a way that no
secondary peak develops in the combined rate near the closest approach.

(C) The slopes of the differential size distribution n (Rp) º Rp
a versus

time to the closest approach. The increase of a for t 9 4 min is due to a
maneuver of Cassini and the related change in the instrument’s
boresight.
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• (neutrales) Wassergas (Dougherty et al, Hansen et al., Science 2006)  

• H2O-Maximalrate 30 s bevor dichtester Annäherung (Waite et al., Science 

Spencer at al., Science, 2006

Porco at al., Science, 2006

Hinweise auf aktive Südpolregion



Erde
87 mW/m2

Enceladus
Südpol
250 mW/m2

Yellowstone
2500 mW/m2

Tigerstreifen
13,000 mW/m2

Wärmeproduktion



Earth

Vukanische Körper
Io

Jupiter-System

Enceladus

Saturn-System

Triton

Neptun-System



Geysir-Teilchen langsamer als 
Fluchtgeschwindigkeit

Hill-Radius ~ 950 km Fluchtgeschwindigkeit ~ 207 m/s

Te
ilc

he
ng

rö
ße

~5µm

~1µm



Widerspruch zu Daten

Staub an Gasfluß 
gekoppelt

Gas schneller als 
Fluchtgeschwindigkeit



Wandstöße

Schmidt, Brilliantov, Spahn & Kempf, Nature, 451, 2008

Geschwindigskeitsverteilung 
durch Wandstöße eingestellt

Wandform:
Monte Carlo

Temperatur: 270°K

Laval Nozzle

LETTERS

Slow dust in Enceladus’ plume from condensation and
wall collisions in tiger stripe fractures
Jürgen Schmidt1, Nikolai Brilliantov1,2,3, Frank Spahn1 & Sascha Kempf4,5

One of the spectacular discoveries of the Cassini spacecraft was the
plume of water vapour and icy particles (dust) originating near the
south pole of Saturn’s moon Enceladus1–5. The data imply consi-
derably smaller velocities for the grains2,5,6 than for the vapour4,7,
which has been difficult to understand. The gas and dust are too
dilute in the plume to interact, so the difference must arise below
the surface. Here we report a model for grain condensation and
growth in channels of variable width. We show that repeated wall
collisions of grains, with re-acceleration by the gas, induce an
effective friction, offering a natural explanation for the reduced
grain velocity. We derive particle speed and size distributions that
reproduce the observed and inferred properties of the dust plume.
The gas seems to form near the triple point of water; gas densities

corresponding to sublimation from ice at temperatures less than
260K are generally too low to support the measured particle
fluxes2. This in turn suggests liquid water below Enceladus’ south
pole.

The structure of Saturn’s E ring clearly points at Enceladus as its
main source8,9 and the early prediction of cryo-volcanic activity10–12

was recently confirmed by Cassini data1–5. Enceladus’ plume origi-
nates from sources in the south polar region, located on four linear
structures5,13–15 (dubbed ‘tiger stripes’), which probably form the
outlets of a system of cracks in the moon’s ice shell through which
water vapour escapes to vacuum from subsurface sites of evapora-
tion. Although the gas expands to space4,7 with a speed of 300–
500m s21, most grains are ejected at speeds2,5,6 smaller than

1Nichtlineare Dynamik, Universität Potsdam, Am Neuen Palais 10, 14469 Potsdam, Germany. 2Department of Mathematics, University of Leicester, Leicester LEI 7RH, UK.
3Department of Physics, Moscow State University, 119991 Moscow, Russia. 4Max Planck Institut für Kernphysik, 69117 Heidelberg, Germany. 5IGEP, Technische Universität
Braunschweig, 38106 Braunschweig, Germany.
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Figure 1 | Gas flow and condensation in cracks in Enceladus’ ice shell.
a, Schematic sketch. Gas escapes through channels of variable cross-section
to vacuum from a reservoir at the triple point of water. Channel profiles are
constructed as superposition of random harmonics (Supplementary
equations S11–S14), with smallest length scale L0, for a given total length L,
and minimal and maximal channel widths Dmin and Dmax. Because the
equations describing the channel flow and condensation are invariant under
the transformation DRaD, for any positive factor a, we may choose Dmax

arbitrarily for fixed Dmin/Dmax. Eventually, we identify Dmax with the
collision length Lcoll, which must be of the same order. From the
condensation model the particle speed–size distribution is obtained as an
average over an ensemble of 5,000 individual channel solutions. b, Typical

solution for gas density and mass fraction of condensed grains along a
channel of length 90m,Dmin/Dmax5 0.56, and L05 18.76m. The position in
the channel is denoted byZ. The density drops drastically near the narrowest
point of the channel (nozzle throat), where most grains nucleate. c, Profiles
of gas speed and temperature. The transition to supersonic flow occurs near
the nozzle throat, displaced slightly downstream owing to condensation.
Cooling in the nozzle zone leads to a drastic increase of supersaturation and
condensation. Owing to the latent heat, the temperature rises again.
d, Particle number density per radius increment for one single channel.
Other random channels (varying L0 andDmin/Dmax) yield distributions with
peak sizes between tens of nanometres and tens of micrometres
(Supplementary Fig. 3).
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Wasser + Gesteinskern

Wasser löst Salze
Zolotov, Geophys. Res. Lett., 34, 2007
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