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• A brief history of Saturn’s rings

• Overview of structure of main rings

• Density and bending waves excited by satellites

• Density waves excited by oscillations in Saturn

• Self-gravity (Julian-Toomre) wakes and viscous 
overstabilities

• Propellers

• Vertical structure of rings

• Outer edges of B Ring and A Rings 

• The enigmatic F Ring

• Origin of Saturn’s rings
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1996-2000



• 1610: Galileo discovers that Saturn has “servants”, “ears” or “handles”.  These 
appendages disappear in 1612 and reappear in 1613.

• 1655: Huygens infers that Saturn is surrounded by a thin ring.

• 1675: Cassini discovers the Cassini Division.

• 1787: Laplace suggests that the rings consist of many ringlets.

• 1789: Herschel discovers Mimas and Enceladus, the inner two classical satellites.

• 1852: Lassell finds that the Cassini Division and C Ring are translucent.

• 1856: Maxwell concludes that “the rings must consist of disconnected particles”.

• 1866: Kirkwood points out that divisions in the asteroid belt and 
Saturn’s rings are associated with commensurabilities in mean motions.  

• 1888: Keeler discovers the Encke Gap from Lick Observatory.

• 1895: Keeler discovers the differential rotation of Saturn’s rings.

History of Saturn’s Rings Before 1900





Kirkwood on Gaps in the Asteroid Belt and Saturn’s Rings

“The first statement Kirkwood made of 
the asteroid gaps, apparently,  and also of 
the gaps in the rings of Saturn, was 
before the Buffalo meeting of the 
American Association for the 
Advancement of Science, in August 1866. 
This particular meeting of the 
Association was ‘originally appointed to 
have been held at Nashville, Tenn.’ in 
1861... ‘In the mean time, the great 
rebellion breaking out, the meeting was 
not, of course, called together, as that 
place was not either a fit or a safe one 
for loyal members to visit.’”

- Daniel Kirkwood, Proceedings AAAS 15 (1967), quoted 
by Helen Sawyer Hogg, J. Royal Astro. Soc. Canada 44, 
163 (1950).
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• Total mass of rings ~ mass of Mimas (moon with 200-km radius)
• Ring particles follow power-law size distribution between centimeters 

and meters; relatively few larger bodies.
• Water ice with minor “reddish” contaminant
• Typical optical depths ~ 0.1- 5
• The best-understood structure is set by embedded and external moons.

Character of Saturn’s Main Rings
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Cassini Wide-Angle Camera, image N1467351539

Spiral Density and Bending Waves in the A Ring 



Cassini Narrow-Angle Camera, image N1467351539

Mimas
5:3

bending
wave

Mimas
5:3

density
wave

Waves are
denoted by
l:(m - 1),
where m =
azimuthal
wavenumber.
At Mimas 5:3
waves, particle 
orbits ~ 5 
times for 3 
orbits of 
Mimas.
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Low-m density wave

High-m density wave

Bending wave

Waves are very tightly wound because ring mass << Saturn’s mass.



Predicted Strengths of Lindblad Resonances in A Ring
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Spiral Waves as Probes of the Rings
• Ring particle orbits line up coherently at resonance with moon
• Resulting wave propagates through the ring, either as a density wave or 

a bending wave 

• Wavenumber∝(m-1)×distance from resonance/surface mass density → 
can use waves to determine surface mass density

• Cassini can detect much weaker (linear) waves than Voyager could → 
easier to analyze

• Can also infer rings’ viscosity from rate of wave damping

Tiscareno et al. (2007)



Ring Surface Density in Mid-A Ring

Wavelet analysis of density waves in Saturn’s rings 31

Fig. 20. (a) Surface density σ0 in Saturn’s rings, as measured using density waves here and in previous work. Vertical lines indicate error bars; for points with no
visible error bar, the error bar is smaller than the plotted symbol. Error bars for previous work (not shown) are generally similar in magnitude to their scatter (see
Spilker et al., 2004). (b) Damping parameter ξD in Saturn’s rings. Vertical lines indicate error bars. (c) Viscosity in Saturn’s rings, as calculated here and in previous
work. The associated apparent ring thickness is an upper limit (see text). Solid line indicates the theoretical prediction of Daisaka et al. (2001), as calculated from
Eq. (25).

Fig. 21. Surface density σ0 in the inner- and mid-A Ring for our results only (same data as in Fig. 20a). Symbols indicate whether a wave appears in an unlit-side or
a lit-side image (the former have better resolution), and whether an unlit-side wave is weak or strong (the former are more well-behaved). Dotted line shows linear
fit σ0 = (33.7 ± 0.1) + (1.3 ± 0.5)(r1000 − 124), where σ0 is in g/cm2 and r1000 is in thousands of km.

This characteristic wavelength (λmax = 2π/kmax) is given for
each wave in Table 3 as a ratio with the image resolution. Most
waves in our data set are well-resolved, with generally 20 or
more pixels per wavecycle at the maximum amplitude point.
The waves in the lit-side images (Table 2), however, are much

more poorly resolved, with generally less than 10 pixels per
wavecycle (keeping in mind also that the nominal image reso-
lution is an upper limit; degradation can occur due to smearing,
or imperfect pointing when taking radial scans). These waves
also yield much higher viscosities than any previous author has

Tiscareno et al. (2007)



Janus and Epimetheus

• Coorbital moons “swap” 
orbits every 4 years.

• How do rings respond to 
change in forcing? 

• Difference in semi-major axes 
~ 50 km
• Mass of Epimetheus/mass of 
Janus ~ 0.3



Spiral Density Waves

• Waves appear to be a static phenomenon

• But group velocity vg = πGσ/"  ~ 10-20 km/year in the A Ring

• Spiral waves propagate for ~ 100 km, so information takes years to 
travel through wave region



Janus/Epimetheus 9:7 Density Wave

• Waves due to coorbital moons 
have unusual and complex 
morphologies

• Model assumes truncated wave 
segments based on moons’ 
changing orbits

• Weak waves are linear, so can 
superpose segments

• Complex structure is 
qualitatively explained

A Ring

Tiscareno et al. (2006)



Equinox

• Sun shines nearly edge-on to the rings
• Rings are very dark (especially where not illuminated by Saturn)
• Enhanced visibility of vertical structure



Equinox

Cassini Division A Ring
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The Iapetus -1:0 Bending Wave

• Iapetus’ mean motion commensurate with precession of inclined 
ring particle’s orbital plane (latter is retrograde)

• Bending waves are a coherent organization of ring particle 
inclinations

• Resonance of this type first described for the Titan -1:0 wave in the 
C Ring (Rosen and Lissauer 1988)

• Although it is a bending wave, it propagates outward 
• Identified by Cuzzi, Lissauer, and Shu (1981) as the Iapetus 1:0 

density wave, then not reported again for 29 years



Surface Density Profile

Tiscareno et al. (2013)



Surface Density Profile of Outer Cassini Division/Inner A Ring

• Best-fit simple density 
profile

• Good agreement with 
previous surface density
values from more localized 
waves

• No significant change 
across A Ring edge!

• Sharp increase in 
surface density at 
Pandora 5:4 density wave

convert these data into a model that can be used for further anal- 
ysis, smoothing out the scatter while preserving the sharp discon- 
tinuity at the Pandora 5:4 resonance location, we fit the data by 
several piecewise linear fits, as described in Fig. 7. The close corre- 
spondenc e between our derived model and a simple smoothin g of 
the data, except at locations where the latter is clearly deficient,
supports our derivation. 

Our derived rb(r) is plotted in Fig. 8 along with independent 
measure ments of rb at certain locations as ascertained by means 
of other spiral density waves 10 (keep in mind that the nodal bend- 
ing wave has much longer wavelength s and covers much more ter- 
ritory than common spiral waves, as described in Section 3). The 
agreem ent gives further support to our derived model. Additiona lly, 
the wavenumb er k(r) as derived from our model rb(r) by means of 
Eq. (9) is overplott ed on the wavelet transform in Fig. 5.

Fig. 7. The scattered dots are the calculated surface density rb at each radial 
location, calculated from Eq. (9) with k ¼ d!/W=dr, where !/WðrÞ is plotted in Fig. 6c. 
The dashed line is the result of a simple low-pass smoothing filter with a boxcar 
width of 100 elements. The solid line is a more sophisticated model of the surface 
density profile, derived by taking piecewise linear fits on the intervals 
[121,300; 122,357] km, [122,357; 123,250] km, and [124,000; 124,890] km, and 
simply following the boxcar filter on the interval [123,250; 124,000] km. The 
derived model follows the simple boxcar filter closely at all points except where the 
latter clearly fails to represent the data, at either end due to the inclusion of non- 
bending-wave points into the smoothing, and near 122,357 km due to smoothing 
over the sharp discontinuity. 

(a)

(b)

(c)

Fig. 6. (a) High-pass filtered (see Section 5.1) radial brightness profile of the region of interest taken during equinox (for unfiltered version, see lower panel of Fig. 4 and upper 
panel of Fig. 5). (b) Wavelet phase !/WðrÞ, which is zero near local peaks and 180 ! near local troughs. (c) Unwrapped wavelet phase, compiled by simply adding to !/WðrÞ, which 
constantly increases, another factor of 360 ! every time it passes through 180 !.

Fig. 8. The solid line denotes our derived surface density profile from the Iapetus 
$1:0 nodal bending wave (Fig. 7). There is no sharp change in surface density rb to 
correspond with the observed sharp change in optical depth s at the canonical inner 
edge of the A ring (vertical dotted line; cf. Fig. 3). Other plotted symbols indicate 
independent measurements of the surface density from other (spatially smaller)
spiral density waves. 

Fig. 9. Mass extinction coefficient j % s/r, derived from the surface density r
measured for individual spiral density waves and the background optical depth s at 
each location (the values of s are taken from the Cassini VIMS stellar occultation 
plotted in the lower panel of Fig. 3). The mass extinction coefficient appears to be 
highest in the main part of the Cassini Division, lowest in the Cassini Division Ramp, 
and to take an intermediate value in the inner-A ring, trending gently lower into the 
mid-A ring. Overplotted as a solid line is the mass extinction coefficient derived by 
this work from the Iapetus $1:0 nodal bending wave. 

10 Surface densities derived from the Pandora 5:4 and Prometheus 6:5 are reported 
for the first time in this work. Starting with radial brightness scans of images 
N1560311549 and N1560311316, respectively, we simply found by eye the value of 
r0 that gave the best match to the slope of the wave’s wavelet signature in radius- 
wavenumber space (see Eq. (6), whi ch applies for all values of m), as irregular 
waveforms (see Fig. 10 ) preclude use of the more sophisticated method developed by 
Tiscareno et al. (2007). We obtained r0 = 28 ± 5 g cm $2 from the Pandora 5:4 wave 
originating at r = 122,313 km, and r0 = 38 ± 5 g cm $2 from the Prometheus 6:5 wave 
originating at r = 123,578 km. 

206 M.S. Tiscareno et al. / Icarus 224 (2013) 201–208



Mass Extinction Coefficient

• Optically-interacting surface area, per unit mass ( "  = # /σ, where #  
= optical depth, σ = surface mass density)

• Large extinction coefficient (small particles?) in Cassini Division
• Extinction drops by ~10x (very large particles?) in CD Ramp
• Increases again by factor of 3 at  A Ring “inner edge”

convert these data into a model that can be used for further anal- 
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the wavenumb er k(r) as derived from our model rb(r) by means of 
Eq. (9) is overplott ed on the wavelet transform in Fig. 5.
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simply following the boxcar filter on the interval [123,250; 124,000] km. The 
derived model follows the simple boxcar filter closely at all points except where the 
latter clearly fails to represent the data, at either end due to the inclusion of non- 
bending-wave points into the smoothing, and near 122,357 km due to smoothing 
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Fig. 8. The solid line denotes our derived surface density profile from the Iapetus 
$1:0 nodal bending wave (Fig. 7). There is no sharp change in surface density rb to 
correspond with the observed sharp change in optical depth s at the canonical inner 
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Fig. 9. Mass extinction coefficient j % s/r, derived from the surface density r
measured for individual spiral density waves and the background optical depth s at 
each location (the values of s are taken from the Cassini VIMS stellar occultation 
plotted in the lower panel of Fig. 3). The mass extinction coefficient appears to be 
highest in the main part of the Cassini Division, lowest in the Cassini Division Ramp, 
and to take an intermediate value in the inner-A ring, trending gently lower into the 
mid-A ring. Overplotted as a solid line is the mass extinction coefficient derived by 
this work from the Iapetus $1:0 nodal bending wave. 

10 Surface densities derived from the Pandora 5:4 and Prometheus 6:5 are reported 
for the first time in this work. Starting with radial brightness scans of images 
N1560311549 and N1560311316, respectively, we simply found by eye the value of 
r0 that gave the best match to the slope of the wave’s wavelet signature in radius- 
wavenumber space (see Eq. (6), whi ch applies for all values of m), as irregular 
waveforms (see Fig. 10 ) preclude use of the more sophisticated method developed by 
Tiscareno et al. (2007). We obtained r0 = 28 ± 5 g cm $2 from the Pandora 5:4 wave 
originating at r = 122,313 km, and r0 = 38 ± 5 g cm $2 from the Prometheus 6:5 wave 
originating at r = 123,578 km. 

206 M.S. Tiscareno et al. / Icarus 224 (2013) 201–208
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C Ring Waves Due to Oscillations in Saturn 

Marley and Porco 1993



l = 4,  |m| = 4
Marley and Porco 1993

Three strongest predicted modes:
2f (l = |m| = 2)
3f (l = |m| = 3)
4f (l = |m| = 4)



Six C Ring Waves in VIMS Occultations

84625 km                                         84650 km

Hedman and Nicholson 2013

Wave phases for two cuts 
differ by ~180o (at fixed 

distance, maxima in 
ingress, minima in egress).



C Ring waves appear to be excited by non-
radial oscillations in Saturn.

• Put together many occultations →infer m number 
of wave, pattern speed

• Wave at 80980 km →m = -4 

• Waves at 82000, 82060, and  82210 km →m = −3

• Waves at 84640 and 87190 km→m = −2

• Agrees with prediction of Marley and Porco 
(1993), except for multiple waves with same m.



Implications for Internal Structure of Saturn

• Hedman and Nicholson (2013):  “If we assume that the 
planetary oscillations are stochastically excited, then this 
long coherence time implies a correspondingly high 
quality factor Q for these oscillation modes.” 

• Oscillation periods of the modes in Saturn’s frame 
∼200 minutes 

• Modes are coherent for > 300 days →                     
Q > 2π (300 days)/200 minutes ~10,000

• By contrast, analysis of astrometric measurements of 
Saturn’s moons indicate that Saturn’s tidal Q is 
between 1000 and 2000 (Lainey et al. 2012). 



B Ring

Cassini Division
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Prometheus 15:14

Prometheus 17:16

Pandora 12:11

Pan Wakes

Wavy Edge

Fig. 13.4 The Encke gap (320 km wide) imaged by Cassini at Saturn
Orbit Insertion showing dusty ringlets (Chapter 16), a wavy inner edge
recently perturbed by the satellite Pan (roughly five image widths up-
stream of the inner edge, or up in this view of the south face of the
rings), and satellite wakes. Density waves are also visible, indicated

here by the inner Lindblad resonances that launch them. Streamlines
near the edge of a gap are deflected by the embedded moon, creating
a wavy edge and satellite wakes, due to the moon Pan, within the ring
(see also Chapter 14) (image: NASA/JPL/Space Science Institute)

13.2.2.2 Satellite Wakes

Not only at gap edges do ring particles have their orbits de-
flected by close passes by a moon. Particle streamlines con-
tinue to be deflected in the interior of the ring, though with
decreasing amplitude and increasing wavelength as !a in-
creases. This results in a pattern of alternating regions of rel-
atively greater or lesser density which remains stationary in
the moon’s reference frame, thus allowing the satellite to ex-
ert a torque on the ring. First observed in Voyager data, these
satellite wakes were observed in remarkable detail by Cassini
at Saturn Orbit Insertion on July 1 2004 (Fig. 13.4). This pat-
tern does not depend on mutual particle interactions and does
not propagate; it is purely a kinematic effect as neighboring
streamlines bunch together or spread apart.3

After the initial suggestion by Cuzzi and Scargle (1985)
that the Encke Gap’s wavy edges implied an embed-
ded moon, Showalter et al. (1986) found the radial sig-
nature of satellite wakes in stellar and radio occultation
scans. Since the radial scan of a satellite wake changes
in frequency with the perturbing moon’s relative longitude,

3 The same applies to wavy gap edges, which should not strictly be
called “edge waves.”

Showalter et al. (1986) were able to constrain the orbit of the
yet-undiscovered moon. With this guidance, Pan was discov-
ered by Showalter (1991) in archival Voyager images.

Frequency-based analysis of radial scans of Pan’s wakes
(Horn et al. 1996; Tiscareno et al. 2007) shows that damping
of the wakes is surprisingly inefficient. Signatures can be de-
tected that imply a relative longitude of more than 1000ı, or
nearly three Pan encounters ago. By contrast, although satel-
lite wakes are also observed in the vicinity of Daphnis, they
do not extend more than a few degrees of longitude or a few
tens of km radially from the moon. The proximity of Daph-
nis to the Keeler Gap edges results in particle streamlines
(cf. Showalter 1986) crossing immediately after encounter-
ing Daphnis, and the wakes are therefore damped over a
much smaller azimuthal extent than the Pan wakes.

13.2.3 Self-Gravity Wakes and Propellers

Another type of wake in the rings is the result of the compet-
ing processes of gravitational accretion of ring particles and
Keplerian shear. Sometimes called gravity wakes or Julian-
Toomre wakes for their similarity to wakes produced by a
massive body in a galaxy (Julian and Toomre 1966; Colombo
et al. 1976), these features are sheared agglomerates of ring

Encke Gap and Surroundings



Self-Gravity Wakes 
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Fig. 14.5 Comparison between vertical and full self-gravity in simu-
lations. In the left panel only physical collisions between particles are
taken into account, for a simulated ring with "n D 0:5, £ D 0:75,
rh D 0:82 (corresponding to a D 100;000 km for a solid ice particle
density of 900 kg m!3, or to a D 126;000 if ¡ D 450 kg m!3). In the
middle panel the vertical component of self-gravity is included, calcu-
lated in a self-consistent manner from the vertical density distribution
(Salo, 1991). Near the central plane the ratio of vertical self-gravity to
the vertical component of central force Fz=Fc ! 8:8, corresponding
to an enhanced frequency of vertical oscillations by a factor !z=! Dp

1 C Fz=Fc ! 3:1: a very similar result would be obtained with the
method of Wisdom and Tremaine (1988), who used a constant enhance-
ment factor !z=! D 3:6 to describe the vertical gravity. In the right

panel all components of self-gravity are included, leading to the forma-
tion of self-gravity wakes. In comparison to the non-gravitating case,
the inclusion of vertical gravity reduces the ring thickness in this ex-
ample from H=R0 ! 5 ! 3, and increases the collision frequency
by about a factor of 8. Both these effects enhance the viscosity, which
in the studied example increases by a factor of two. However, when full
self-gravity is included, the viscosity becomes even 30 times larger than
in the non-gravitating case. A snapshot from a comoving local simula-
tion region is displayed: the x-axis points away from the planet and the
y axis in direction of orbital velocity. Note that the size of the simulation
system here corresponds to 2"cr " 2"cr , implying that the wake struc-
ture is somewhat suppressed in comparison to what would be obtained
with larger calculation regions (adapted from Salo 1995)

where › denotes the epicyclic frequency (› D! for the Ke-
plerian case). This critical value offers a very convenient
measure for the closeness of the system to the instability
threshold in terms of the Toomre parameter, defined as

Q D cr

ccr
D cr #

3:36G$
; (14.44)

where cr denotes the radial velocity dispersion. For identical
particles,

cr

R0!
! 10Q% rh

3: (14.45)

Comparison to Eq. 14.42 indicates that whenever vertical
self-gravity is important, the system is also near the thresh-
old of collective planar instability: Fz=Fc > 1 corresponds
to Q < 2:5.

How does this gravitational near-instability manifest? The
gravitational collapse is opposed by the particles’ random ve-
locities, washing out small scale agglomeration, and by dif-
ferential rotation, dissolving large condensations. As long
as Q exceeds at least a few times unity (Q " 2–3), the
collective instability is completely avoided, and the sys-
tem remains practically uniform: the main effect of gravity
comes via pairwise encounters stirring up the velocity disper-
sion. However, if the optical depth, and thus ¢ , increases, or

alternatively, if a ring location further away from the planet is
inspected, Q could fall below about 2–3. In this case, the col-
lective gravity, together with differential rotation, leads to the
formation of shearing tilted wake structures, with individual
wakes forming and dissolving in a time scale of about one
orbital period (Fig. 14.5). The prominence of these structures
stems from the swing amplification process (interplay of self-
gravity and differential rotation, Goldreich and Lynden-Bell
1965; Toomre 1981) which significantly enhances the tiny
kinematic wakes triggered by small density fluctuations.

The resulting self-gravity wakes correspond to a super-
position of numerous Julian–Toomre wakes excited around
each individual ring particle. Although the features are
transient, in contrast to the steady response around an
orbiting mass enhancement in a stellar disk studied by Ju-
lian and Toomre (1966), this analogue is demonstrated by
the similar autocorrelation function; this correspondence also
justifies calling these features wakes, even in the absence of
any prominent individual perturber. Self-gravity wakes have
also been discussed as models of flocculent spiral structure in
late type galaxies (Toomre 1991; Toomre and Kalnajs 1991),
in which context, however, some form of ad hoc dissipation
is needed to balance the gravitational heating induced by the
wakes themselves, which heating otherwise would rapidly
suppress the swing amplification. In planetary rings, the

Salo (1995), in Schmidt et al. (2009)

424 J. Schmidt et al.

dissipation via partially inelastic impacts provides a natural
cooling mechanism, leading to a statistical steady-state with
Q ! 1–2, characterized by a continuous re-generation of
new wakes. The formation of wakes for plausible Saturn
ring parameters was first demonstrated in simulations of
Salo (1992a) and has thereafter been confirmed in several
studies (Richardson 1994; Daisaka and Ida 1999; Ohtsuki
and Emori 2000). Moreover, spatial auto-correlation anal-
ysis of simulated wakes (Salo 1995; Salo et al. 2004; see
also Toomre and Kalnajs 1991) confirms the close correspon-
dence to Julian–Toomre stellar wakes.

For Saturn’s rings, the approximative condition for the
formation of wakes, Q < 2, corresponds to (see Salo 1995,
Ohtsuki and Emori 2000, Salo et al. 2004)

! > !min " 0:2
! a

108m

"!3
#

"0

900kg m!3

$!1

; (14.46)

implying !min " 0:3 # 0:1, from the inner C ring to the
outer A ring, respectively, if the internal density of solid
ice is assumed for ring particles. This !min gives a conser-
vative lower limit, since Eq. 14.46 is based on the assump-
tion of fairly dissipative identical particles that in the absence
of self-gravity would concentrate in a very thin ring, just a
few particle diameters thick. This is the expected behavior
of particles if they follow the Bridges et al. (1984) formula

for the coefficient of restitution. In regions with ! > !min,
wakes may form, depending on the actual particle elastic-
ity, with more elastic impacts implying an increased !min

(see Fig. 14.6, comparing the ‘frosty’ and ‘smooth’ impact
models). However, ! > !min is not a strict boundary for
wake formation: autocorrelation analysis reveals that weak
wakes are always present regardless of the value of Q. Wake
formation is also affected by the particle size distribution:
large particles provide seeds for strong wakes. This effect is
counteracted by the larger velocity dispersion achieved by
small particles (Salo 1992a, b), which acts as a stabilizing
factor. As a net result the wake structure is stronger among
the largest particles whereas the small particles tend to have
a smoother distribution (Salo et al. 2004).

The tilt angle of wakes with respect to tangential direction
is determined mainly by the shear rate: for the Keplerian case
the asymptotic tilt angle of the tails of the wakes is !15ı

(Julian and Toomre 1966). However, the inner portions of
wakes have larger pitch angles, depending on the physical pa-
rameters. As an effective mean value !20ı can be adopted.
The typical radial spacing between wakes found in simula-
tions (Salo 1995; Daisaka and Ida 1999) is close to Toomre’s
critical wavelength (Toomre 1964)

#cr D 4$2G%=&2: (14.47)

Fig. 14.6 The dependence of simulated self-gravity wakes on the as-
sumed elasticity. In the left panel Bridges et al. (1984) formula (‘frosty’)
is used, while in the right panel a formula from Hatzes et al. (1988) for
more elastic ‘smooth’ particles is assumed (Fig. 14.3). In both cases a

system with £ D 0:5 and rh D 0:85 is simulated, using a 4#cr " 4#cr

region. For more details of the effect of particle elasticity on the wake
structure see Fig. 11 in Salo (1995)

Radial spacing between wakes of order ~ 50-100 m



“Azimuthal asymmetry” of A Ring was known before 
Voyager and explained in terms of Julian-Toomre 
“density wakes”, now called “self-gravity wakes”.
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tude and sign of which varies with time (“east–west asym-
metry,” see, e.g., Piironen and Lukkari (1980) and detailed
references therein). This phenomenon, if real, is likely to
be distinct from the permanently present quadrupole asym-
metry addressed here: it has been suggested to rise due to
reflection by debris clouds caused by meteoroidal impacts
on the rings (Hämeen-Anttila and Itävuo, 1976).
A likely cause of the azimuthal quadrupole brightness

asymmetry is small-scale particle inhomogeneities, trailing
by about 20◦–25◦ with respect to the local tangential di-
rection (Colombo et al., 1976). As discussed in Franklin
et al. (1987), such systematically oriented inhomogeneities
could arise due to dynamical wakes excited around mas-
sive particle aggregates (Franklin and Colombo, 1978;
Karttunen, 1983), or from the superposition of numerous
Julian–Toomre (1966) gravity wakes excited about the ring
particles themselves (see Franklin et al., 1987; Dones and
Porco, 1989). In both cases the expected orientation of the
wakes is determined by the differential rotation, which for
a Keplerian velocity field yields φwake ∼ 20◦. Other models
in terms of elongated swarms of particle debris resulting
from collisions have also been discussed (Gorkavyi and
Taidakova, 1989, see Fridman and Gorkavyi, 1999, p. 122),
but these require additional assumptions about the lifetime of
the debris swarms, in order to yield the desired orientation.
The large maximum amplitude of the asymmetry suggests
that, whatever structures are responsible for the brightness
variations, they need to cover a large fraction of the ring
area, at least in the mid-A ring, and have a very large intrinsic
brightness contrast. This seems to favor Julian–Toomre type
spontaneous wakes over those forced by embedded moon-
lets, unless the latter are much more abundant than usually
assumed. Moreover, the formation of trailing Julian–Toomre
wakes via local gravitational instabilities has been confirmed
by numerical N -body simulations (Salo, 1992), with pa-
rameter values consistent with Voyager measurements of
size distribution and surface density, using the Bridges et
al. (1984) laboratory measurements of the elasticity of icy
particles.
The ability of density wakes to cause brightness vari-

ations follows from the fact that the fractional reflecting
surface area will be direction-dependent (see Fig. 1). In par-
ticular, when the wakes are viewed more or less along their
long axis, the rarefied regions between the dense wakes are
better visible, reducing the overall reflection, in comparison
to the perpendicular viewing direction when the rarefied re-
gions are partially hidden (see, e.g., Franklin et al., 1987;
Thompson, 1982; Dones and Porco, 1989). The direction
of illumination is likewise expected to have importance, as
well as the multiple scattering occurring predominantly in-
side wakes. Somewhat different models, in terms of mul-
tiple scattering in optically thick ellipsoidal particle blobs
(Lumme and Irvine, 1979a) yield the same expected depen-
dence of longitude minima and maxima with respect to the
assumed orientation of the blobs. A-ringwakes also manifest
themselves in the asymmetry of Saturn’s microwave thermal

Fig. 1. Schematic explanation for the relation of wake structure to azimuthal
asymmetry. At low elevation angles the wakes trailing by about 21◦ with
respect to the local tangential direction are seen roughly along their long
axis at ring longitudes of 249◦ and 69◦ , and perpendicular to their long
axis at longitudes of 339◦ and 159◦ . In the former case rarefied regions
between wakes are visible, reducing the reflecting surface area: this should
correspond to minimum brightness. In the latter case rarefied regions are
hidden by the wakes in low tilt angle images, maximizing the reflecting
area and thus corresponding to maximum brightness. For a more realistic
illustration, see Fig. 3.

radiation transmitted through the rings (Dunn et al., 2004).
Wake structure has also been suggested to explain the asym-
metry in the thermal radiation scattered by the rings (van der
Tak et al., 1999; Dunn et al., 2002); due to Saturn being the
source of radiation this asymmetry manifests as a difference
between East and West ansae (not to be confused with the
visual ‘east–west asymmetry’ mentioned above).
We have carried out photometric modeling of Julian–

Toomre wake structures seen in dynamical simulations, and
have made systematic comparisons to the observed asym-
metry at various geometries. The photometric calculation
method, based on Monte Carlo modeling of light rays scat-
tered by a system of discrete simulation particles, as well
as its application to azimuthally homogeneous ring models,
has been described in Salo and Karjalainen (2003) (hereafter
Paper I). Some preliminary results for the asymmetry have
already been reported in Salo and Karjalainen (1999), Salo
et al. (2000), and French et al. (2000), supporting the wake
explanation for the asymmetry (see also Porco et al., 2001).
In the present study we demonstrate that wakes obtained
via dynamical simulations can account naturally for several
basic properties of the asymmetry, including the tilt-angle
dependence found in ground-based observations, as well as
the longitude dependence in Voyager observations of both
reflected and transmitted light. Implications for the occulta-
tion optical depth are also briefly discussed, as well as the
consequences of wakes on the elevation angle dependence
(tilt effect) of the A ring brightness. Two different dynamical
simulation runs are studied, for the distances correspond-
ing to the maximum of the observed asymmetry amplitude,
using models (1) with identical particles and (2) with a trun-
cated power-law size distribution, for a fixed value of surface
density, corresponding to that typically assumed for the mid-
A ring. Here, we are primarily interested in exploring the
differences between these two models, rather than trying to
achieve an exact match with observations. The next paper in
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Equation (12) shows that the magnitude 
of  the azimuthal effect as measured by  
the slope s of  the i(0) curve clearly is 
greater at the smaller tilt angle. Compari- 
son with a single four-color set of  IPP 
images for 1973 when the rings were open 
(B ~ 26 °, cf. Lumme et al . ,  1977), after 
digitization and reduction in a manner  
identical to that used for the other  data 
described here,  indicates that the azi- 
muthal effect in ring A increases as B 
decreases from 26 ° to <16  ° , consistent 
with the preliminary results of  Lumme  et 
al. (1977, 1979a) and Reitsema et al. 
(1976). Since the 1979 data are limited to 
70 ° <~ 0 ~< 110 ° by smearing, it is difficult 
to be certain of  the magnitude of  the ef- 
fect at this small tilt angle, but  azimuthal 
variations appear  to be reduced.  During 
1978 (B ~ 11 °) brightness variations (1) 
up to ---20% relative to the ansae, with 
the minimum occurring at 0 ~ 70 °, are 
apparent  for the radial maximum of  ring 
A. 

Dependence  on Wavelength h 

The i(0) are very  similar for red and 
green (Fig. 2), but  differences become ap- 
parent  if we compare  the azimuthal effect 
over  a wider wavelength interval (Fig. 4). 
The shapes of  these curves are different 
in that at shorter  wavelengths the bright- 
ness is less symmetric about  the ansa. It 
is important  to establish whether  this ap- 
parent  wavelength effect could in fact be 
an artifact of  an inadequate correct ion for 
smearing, since the a tmosphere  is a much 
more severe problem in the blue than at 
longer wavelengths. While not ruling out 
possible systematic errors introduced in 
this way,  we feel that it is likely that a 
real wavelength dependence  is present.  
The blue and uv images included in the 
present  analysis had smearing parameters  
a within the range of  those for red and 
green images and within the range for 
which the shape of  the i vs O curve 
showed no dependence  on a. A possible 
explanation for a wavelength dependence  

i i i i i 
1 . 6  (0) 1977 

1.4 

>- 1.2 

z ~ 1.0 ~a o ~ - .  
w d o  o RED 8 GREEN 
I-- 0 . 8  o BLUE Z I I / I I 

W i I i i ~ * /  

' ~  1 . 4  
- J  
h i  ° ° o ° 
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O R B I T A L  PHASE A N G L E  ( 8 )  

FIG. 4. Dependence of the azimuthal effect for 
ring A on color. Intensity i versus ring particle or- 
bital phase angle 0 for average of red + green and 
for blue data. For each apparition data averaged 
over all solar phase angles. (a) 1977, when B~  
16.5°; (b) 1978, whenB ~ l l .Y.  

of  the azimuthal effect has been sug- 
gested by  Lumme and Irvine (1979). 

Dependence  on Solar Phase  Angle  a 

The preliminary analyses (Lumme et 
al. ,  1977) suggested that the azimuthal ef- 
fect  might show a dependence  on phase 
angle, such that the amplitude was re- 
duced near opposition. The present ,  more 
comprehensive survey finds a possible 
weak confirmation of  this tendency in the 
1977 (B = 16.5 °) longer wavelength data 
(Fig. 5); but  no such effect is apparent  for  
the noisier blue and uv data or the like- 
wise noisier 1978 results (cf. Fig. 2). If  
we average the slopes s (cf. Table II) 
over  red and green, we find 

S (H/L)  -- s (H) / s (L)  
= 1.16 _+ 0.22 (1978 red + green) 
= 1.45 ___ 0.11 (1977 red + green), 

(13) 

where H and L refer  to the phase angle 
ranges ot > 1 ° and ot < 1 °, respectively.  
Confirmation of  an a dependence in I(0) 
must therefore await bet ter  signal-to-noise 

Thompson et al. 1981 Salo et al. 2004



HST found azimuthal
asymmetry in the B Ring as well.

500 R.G. French et al. / Icarus 189 (2007) 493–522

Fig. 4. Radial variation of the amplitude of the azimuthal brightness asymmetry, A±!θrange , in the A ring (upper panel) and the B ring (lower panel), over a range of
ring opening angles |Beff|, from UBVRI azimuthal scans of HST images. Results at all solar phase angles during a given Saturn opposition were averaged to obtain
the plotted radial variations in asymmetry amplitude. The radial optical depth profile from the Voyager PPS Saturn occultation experiment, truncated by noise at
τn = 2.0, is shown at the bottom of each panel to reveal underlying ring structure. The vertical shaded bands delimit the radial regions used to compute the variations
in asymmetry amplitude with ring opening angle illustrated in Fig. 5. (See Table 1 for the value of !θrange used for determining the amplitude for each scan.)

are viewed along their long axes, the rarefied regions between
the dense wakes are more visible and the overall brightness is
reduced. In the perpendicular viewing direction, the rarefied re-
gions are partially hidden, and thus the rings are brighter. The
illumination direction also affects the asymmetry, as does mul-
tiple scattering occurring predominantly inside wakes, where
the ring particles are most closely packed. Models for the mul-
tiple scattering in optically thick ellipsoidal particle “swarms”
(Lumme and Irvine, 1979a; Thompson, 1982) could also ac-
count for the longitudes of brightness minima and maxima.
However, the models in Salo et al. (2004) suggest that the
main contribution comes from the singly-scattered compo-
nent.

3.2. Dynamical models of gravity wakes

In this work, we explore the ability of Julian–Toomre wakes
to account for the observed ring brightness asymmetry. Physi-
cally, such wakes develop when the rings are on the verge of
gravitational instability because of their low velocity disper-
sion, resulting from the dissipative impacts between particles.
Local gravitational collapse is opposed by the particles’ random
velocity dispersion and by differential rotation, which tends to
dissolve any incipient condensations. As long as the velocity
dispersion, measured in terms of the dimensionless Toomre pa-
rameter (Toomre, 1964),

(4)Q = crκ

3.36GΣ

A Ring
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Fig. 4. Radial variation of the amplitude of the azimuthal brightness asymmetry, A±!θrange , in the A ring (upper panel) and the B ring (lower panel), over a range of
ring opening angles |Beff|, from UBVRI azimuthal scans of HST images. Results at all solar phase angles during a given Saturn opposition were averaged to obtain
the plotted radial variations in asymmetry amplitude. The radial optical depth profile from the Voyager PPS Saturn occultation experiment, truncated by noise at
τn = 2.0, is shown at the bottom of each panel to reveal underlying ring structure. The vertical shaded bands delimit the radial regions used to compute the variations
in asymmetry amplitude with ring opening angle illustrated in Fig. 5. (See Table 1 for the value of !θrange used for determining the amplitude for each scan.)

are viewed along their long axes, the rarefied regions between
the dense wakes are more visible and the overall brightness is
reduced. In the perpendicular viewing direction, the rarefied re-
gions are partially hidden, and thus the rings are brighter. The
illumination direction also affects the asymmetry, as does mul-
tiple scattering occurring predominantly inside wakes, where
the ring particles are most closely packed. Models for the mul-
tiple scattering in optically thick ellipsoidal particle “swarms”
(Lumme and Irvine, 1979a; Thompson, 1982) could also ac-
count for the longitudes of brightness minima and maxima.
However, the models in Salo et al. (2004) suggest that the
main contribution comes from the singly-scattered compo-
nent.

3.2. Dynamical models of gravity wakes

In this work, we explore the ability of Julian–Toomre wakes
to account for the observed ring brightness asymmetry. Physi-
cally, such wakes develop when the rings are on the verge of
gravitational instability because of their low velocity disper-
sion, resulting from the dissipative impacts between particles.
Local gravitational collapse is opposed by the particles’ random
velocity dispersion and by differential rotation, which tends to
dissolve any incipient condensations. As long as the velocity
dispersion, measured in terms of the dimensionless Toomre pa-
rameter (Toomre, 1964),

(4)Q = crκ

3.36GΣ

B Ring

Self-gravity wakes are present throughout much of the two densest rings.
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Fig. 23. The observed radial dependence of the asymmetry amplitude A40 is compared with dynamical simulations performed for various internal particle densities
ρ as labeled, in kg m−3, with each open square corresponding to a Monte Carlo simulation at a given radial distance. The particle size was varied as ρ−1 so as
to keep Σ/τdyn constant. All simulations assumed τdyn = 0.5 and vc/vB = 1, just as in the standard IDE model. Both the HST observations (filled squares) and
models correspond to |Beff| = 10◦ . The asymmetry amplitude from Voyager images at Beff = 10◦ as measured by Dones et al. (1993) is also shown as a solid line,
multiplied by a factor of 0.5 to account for the difference in definitions.

A and B ring models, respectively). For the relatively larger
H/S of the inner B ring model, the dependence of the visibil-
ity of gaps on ring azimuth should persist to larger elevation
angles. That is, the hiding of gaps by wakes continues until
tan(B) ! H/S, after which the asymmetry amplitude should
decline. This simple estimate, which assumes an opaque wake
with a rectangular slab profile (similar to that in Colwell et al.,
2006), suggests that maximum amplitude should occur at eleva-
tions near |Beff| = 13◦ and 26◦. The qualitative trend is correct,
although the quantitative agreement with photometric calcula-
tions is poorer, because of the oversimplification of the opaque
slab model (see Table 3).

The observed variations in asymmetry amplitude with ring
tilt in the A128.0 and B96.5 regions are well-matched, both in
amplitude and general trend with |Beff|, by their corresponding
models (I and III, respectively). The weaker asymmetry in the B
ring is a direct consequence of the smaller wake contrast: in the
inner B ring SIZE model, τgap ∼ 0.3–0.4, or at least 3 times that
in the A ring IDE model (Table 3). The outer B ring observa-
tions (B113.7) are also matched reasonably well by the B ring
τdyn = 1.5 IDE model. Here, the observed dependence of the
asymmetry amplitude on elevation is very weak, which is also
the case in Model IV. Formally, the estimated wake parameters
listed in Table 3 would suggest that the maximum asymmetry
amplitude would be reached at rather large elevations (26◦ for
B96.5 and 22◦ for B113.7).

In the outer A ring (A135.0), the observed asymmetry ampli-
tude is about 2/3 that in the mid-A ring (A128.0), although the
trend with ring tilt is very similar in the two regions (Fig. 24). It

is similar to that of our standard A ring SIZE model (Model II
in the figure), suggesting that the reduced asymmetry near the
A ring outer edge could reflect a more extended size distribu-
tion. Alternatively, it could result from the increased clumpiness
of the wakes resulting from the weaker tidal shear. However, as
discussed earlier, this latter trend is too gradual to account for
the observed decrease in amplitude of almost 30%. To obtain
an amplitude vs. elevation curve similar to that in Model II,
the Saturnocentric distance of the standard A ring IDE model
would have to be increased by nearly 25%, from 130,000 km
to about 165,000 km (see Table 3). In actuality, the distances of
the compared ring regions differ only by 5%.

5.2.2. Minimum longitude variations for selected regions
Overall, the trends in asymmetry amplitude with ring tilt for

the four selected regions are well-matched by their correspond-
ing dynamical models. We now compare how well the observed
longitude of minimum brightness θmin is matched by the model
predictions for these regions. In Fig. 24 at right, the inner B ring
and mid-A ring observations are fairly similar, showing a grad-
ual shift of the minimum away from the ansa with increased
elevation. This trend is well matched by the IDE Models I and
III (see Fig. 14). In contrast, for A135.0 there is a very clear
shift of the minimum towards the ansa with increased |B|. At
some level, this is expected from the gradual degradation of
wakes into clumps as the shear is reduced at larger distances.
However, for a given Saturnocentric distance the clumping of
wakes is always stronger for SIZE than for IDE models and
there is a clear increase in the pitch angle in the centers of the

Amplitude of asymmetry peaks in mid-A Ring → 
suggests ring particles have density ~ half that of solid ice

French et al. 2007



Effect of Particle Elasticity

424 J. Schmidt et al.

dissipation via partially inelastic impacts provides a natural
cooling mechanism, leading to a statistical steady-state with
Q ! 1–2, characterized by a continuous re-generation of
new wakes. The formation of wakes for plausible Saturn
ring parameters was first demonstrated in simulations of
Salo (1992a) and has thereafter been confirmed in several
studies (Richardson 1994; Daisaka and Ida 1999; Ohtsuki
and Emori 2000). Moreover, spatial auto-correlation anal-
ysis of simulated wakes (Salo 1995; Salo et al. 2004; see
also Toomre and Kalnajs 1991) confirms the close correspon-
dence to Julian–Toomre stellar wakes.

For Saturn’s rings, the approximative condition for the
formation of wakes, Q < 2, corresponds to (see Salo 1995,
Ohtsuki and Emori 2000, Salo et al. 2004)

! > !min " 0:2
! a

108m

"!3
#

"0

900kg m!3

$!1

; (14.46)

implying !min " 0:3 # 0:1, from the inner C ring to the
outer A ring, respectively, if the internal density of solid
ice is assumed for ring particles. This !min gives a conser-
vative lower limit, since Eq. 14.46 is based on the assump-
tion of fairly dissipative identical particles that in the absence
of self-gravity would concentrate in a very thin ring, just a
few particle diameters thick. This is the expected behavior
of particles if they follow the Bridges et al. (1984) formula

for the coefficient of restitution. In regions with ! > !min,
wakes may form, depending on the actual particle elastic-
ity, with more elastic impacts implying an increased !min

(see Fig. 14.6, comparing the ‘frosty’ and ‘smooth’ impact
models). However, ! > !min is not a strict boundary for
wake formation: autocorrelation analysis reveals that weak
wakes are always present regardless of the value of Q. Wake
formation is also affected by the particle size distribution:
large particles provide seeds for strong wakes. This effect is
counteracted by the larger velocity dispersion achieved by
small particles (Salo 1992a, b), which acts as a stabilizing
factor. As a net result the wake structure is stronger among
the largest particles whereas the small particles tend to have
a smoother distribution (Salo et al. 2004).

The tilt angle of wakes with respect to tangential direction
is determined mainly by the shear rate: for the Keplerian case
the asymptotic tilt angle of the tails of the wakes is !15ı

(Julian and Toomre 1966). However, the inner portions of
wakes have larger pitch angles, depending on the physical pa-
rameters. As an effective mean value !20ı can be adopted.
The typical radial spacing between wakes found in simula-
tions (Salo 1995; Daisaka and Ida 1999) is close to Toomre’s
critical wavelength (Toomre 1964)

#cr D 4$2G%=&2: (14.47)

Fig. 14.6 The dependence of simulated self-gravity wakes on the as-
sumed elasticity. In the left panel Bridges et al. (1984) formula (‘frosty’)
is used, while in the right panel a formula from Hatzes et al. (1988) for
more elastic ‘smooth’ particles is assumed (Fig. 14.3). In both cases a

system with £ D 0:5 and rh D 0:85 is simulated, using a 4#cr " 4#cr

region. For more details of the effect of particle elasticity on the wake
structure see Fig. 11 in Salo (1995)

Salo (1995), in Schmidt et al. (2009)

Simulations suggest ring particles are lossy, underdense.
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Fig. 14.1 Left panel: Velocity profile of the ring in a local frame
co-rotating at distance r0 from the planet. The X-axis points radially
outward, the Y-axis in the direction of orbital motion. Right panel: Typ-
ical particle paths and collisions. (a) Momentum transport across the

imaginary line L (dashed) by a crossing particle (local transport). (b)
Particle moving on an epicycle (no transport). (c) Momentum transport
across L in a collision (nonlocal transport)

however, !l / " . This deviation from the hydrodynamic
density dependence results from the motion in the central
gravity field: In a dilute system the radial excursions of a par-
ticle are limited by the epicyclic length (Fig. 14.1b), which
reduces the momentum transport / £.

Non-Local Shear Viscosity and Pressure

In a dense collisional system the mean free path is on the or-
der of the particle dimensions and the momentum transferred
by a collision (Fig. 14.1c) over the distance of one particle
diameter is important. Describing this process statistically
(Shukhman 1984; Araki and Tremaine 1986), the positions
of particle centers in a collision must be distinguished, and
hence the corresponding stress is labeled nonlocal.

From mean-free path arguments the nonlocal kinematic
shear viscosity can be estimated to be on the order of
(Shukhman 1984)

!nl D #D2": (14.7)

Consider the transport of momentum across the dashed line
in Fig. 14.1, counting only binary collisions where particle
centers are on opposite sides of the line (Fig. 14.1c). The
number of particles crossing the line per unit length and unit
time is roughly J D .¢=m/ c, with surface mass density ¢

and particle mass m. To count only those particles actually
intersected by the line, we multiply this particle flux density
by the factor D=l , where l is the mean free path l D c=!c .
The maximal momentum transported over a radial distance
of one particle diameter is $p D mDs. Given the (verti-
cally integrated) shear stress by Pxy D J$p and identifying
it with the hydrodynamic relation Pxy D %!nl s, we obtain
Eq. 14.7. The significance of nonlocal viscosity for planetary
rings was first pointed out by Brahic (1977). Similar argu-
ments lead to an order of magnitude estimate for the non-
local (vertically integrated) pressure as

pnl D %"c#D: (14.8)

Total Shear Viscosity and Pressure

Summing up the local and non-local viscosities we obtain
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with constants k1; k2, and with the local pressure pl D %c2

we obtain the total pressure
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14.1.1.3 Steady State and Thermal Stability

Summing up the cooling (Eq. 14.1) and heating (Eq. 14.5)
rates one obtains the energy budget of the ring particle en-
semble
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where k1; k2; k3 are positive dimensionless constants (e.g.
Stewart et al. 1984; Morishima and Salo 2006). For a ve-
locity independent coefficient of restitution this equation has
the fixed point solution
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which is stable for
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Ring Viscosity

Local         Non-local

• Non-local kinematic viscosity ~ L2Ω, where L is radial scale 
of momentum transport and Ω is orbital frequency
• Uniform ring: L ~ particle size ~ meters
• Ring with wakes: L ~ Toomre length ~ many tens of meters   
→ viscosity is dominated by wakes

Schmidt et al. (2009)



Possible Detection of Viscous Overstability in 
Cassini Radio Occultations

Figure 2. Spectrograms of 3.6 cm-l signal observed during May 3, 2005, ring occultation (a, e, f, g) ingress and
(b) egress; and on August 2, 2005, occultation (c) ingress and (d) egress. The direct signal is the horizontal brown line near
the center of each panel. The diffraction signature of periodic microstructure appears as roughly parallel horizontal lines
displaced ±70–100 Hz from the direct signal in Ring A (Figures 2a–2d) and ±50–120 Hz Ring B (Figures 2e–2g). The
signature is clearly evident for the two indicated features in inner Ring A, over the roughly 500 km inner part of region B1
(Figure 2e) and over most of the detectable subregions of the !5000 km-wide region B2 (Figure 2f). It is more muted over
most of region B4 (Figure 2g). Other evident broadband features correspond to energy forward scattered by the background
wake structure in the rings.

L24203 THOMSON ET AL.: PERIODIC MICROSTRUCTURE IN SATURN’S RINGS L24203

3 of 6

Radial variations in A and B Rings with
λ ~ 100 – 250 meters and cant angle = 0 ± 3o.

Thomson et al. 2007



Wakes and Viscous Overstabilities SIMULATION OF VISCOUS OVERSTABILITY 299

FIG. 1. Snapshots from self-gravitating simulations after evolution of 50 orbital periods. In each case a local region of 583m× 233m is followed, corresponding
to 10λcr × 4λcr . The simulation parameters are τ = 1.4, σ = 840 kg m−2, and the Saturnocentric distance is 100,000 km ($ = 1.945× 10−4 s−1). The four
different examples correspond to different combinations of particles’ internal density ρ and radius r : To maintain fixed σ and τ the product rρ is kept fixed. The
number of particles is between 15,000 and 60,000. In the leftmost column the system is shown from above (the planet is to the left, and the direction of the mean
orbital motion is up), while in the middle column the system is shown from the side (the vertical extent of the frame is ±0.25λcr ). In the right column the radial
velocity profile is shown (vertical range is±0.8 cm s−1, corresponding to 20 r$ for 1-m particles). The elasticity of impacts is described by the Bridges et al. (1984)
formula. The self-gravity is calculated with FFT, using an nx × ny × nz = 256× 64× 8 density grid, combined with a pairwise calculation of particle–particle
forces for mutual distances smaller than λcr/5. In each of the runs the Toomre parameter is QT ∼ 1, before the onset of overstability.

2λcr . For simulations describing Saturn’s B ring these condi-
tions imply that at least about 104 particles are needed, even
when limiting the simulation to identical particles. To search for
possible overstable behavior even larger regions are required,
especially in the radial direction.
In principle, the presence of wakes makes the distinction

of overstable behavior in simulations somewhat difficult, es-
pecially because the radial scale of the wakes falls to about the
sameparameter region as that expected for overstability, and also
because of the rapid growth rates and the saturation of wakes
to large amplitudes. Nevertheless, with suitable parameter val-
ues both wakes and overstabilities can be seen simultaneously.
Such a demonstration is provided by Fig. 1, for an optically thick
(τ = 1.4) ring. Four different simulations are shown, differing in
the internal density of particles (ρ = 225−450 kg m−3), while
the surface density is kept constant (σ = 840 kg m−2). The size
of the simulation region covers Lx × Ly = 10λcr × 4λcr , with
λcr = 58.3 m.
For the case with ρ = 450 kg m−3 the behavior is dominated

by nonaxisymmetric transient wakes, inclined by about 20◦ with
respect to the tangential direction, in accordance with previous
studies. Also, the most prominent radial wavelength of these
inclined structures is close to λcr . However, due to low internal
density of particles the Toomre parameter is only about QT ∼ 1,
in contrast to QT ∼ 2 found in earlier simulations performed
mainly for solid ice density. As the internal density further de-

creases, the wake structure weakens, basically because the max-
imal mass density the wakes can attain is reduced. Simulta-
neously, a new type of oscillating, axially symmetric structure
becomes visible in wavelengths of 100–150 m. The e-folding
times of the amplitude of these structures is of the order of
few tens of orbital periods. In the case ρ = 360 kg m−3, both
axisymmetric and nonaxisymmetric structure is seen simulta-
neously. Fourier analysis reveals the presence of weak axisym-
metric waves also in the wake-dominated case ρ = 450 kg m−3,
as well as the presence of weak nonaxisymmetric wakes even
in the ρ = 225 kg m−3 case. The axisymmetric oscillations are
also visible in the velocity profiles.
A demonstration that we are indeed dealing with an oversta-

bility is provided by Fig. 2, where the evolution of perturba-
tions is followed for one orbital period for the simulation with
ρ = 300 kg m−3. Different time steps are represented by dif-
ferent curves in the same frame. All studied quantities show
oscillations with a period close to one orbital revolution, with
phase shifts between density and radial and tangential veloci-
ties in accordance with theoretical expectations for overstability
(Paper II). Figure 2 also shows two simpler cases, where the
overstability is retained. In Fig. 2b only the vertical component
of self-gravity is included, whereas the planar components of
self-gravity are set to zero, and in Fig. 2c the self-gravity is
approximated by the aforementioned increase of vertical fre-
quency.Herewehave taken$z/$ = 3.6, the samevalue studied

Salo, Schmidt, and Spahn 2001

Wakes

Viscous 
Overstabilities 

Viscous overstability can occur if viscosity is 
steeply rising function of surface mass density. 



• rH = 0.6 in C Ring to 1.1 in A Ring for solid-ice, 
identical particles (ρ = 0.9 g/cm3, μ = 1)

• rH = 0.5 in C Ring to 0.9 in A Ring for low-
density, identical particles (ρ = 0.45 g/cm3, μ = 1)

measures importance of ring self-gravity relative to tidal force

Schmidt et al. 2009

RHill = mutual Hill radius, R1 and R2 are radii of particles, ρ0 = density of particles, ρplan = density of Saturn, a/Rplan = 
semi-major axis of particles in units of Saturn radii, μ = mass of particle 1/mass of particle 2
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For uni-sized particles this can be expressed in terms of the
optical depth and the parameter rh as

!cr

R0
D 48"# r3

h (14.48)

For Saturn’s A-ring the expected spacing is !cr ! 50–100 m.

14.1.3.4 Survey of Self-Gravity Wake Structures

Figure 14.7 displays a simulation survey of wake structures
expected for different planetocentric distances. The figure il-
lustrates clearly the gradual increase in the strength of wakes
as the assumed distance or optical depth is increased, as
well as the increase in the clumpiness of the wakes, and
their eventual collapse into aggregates at large distances (see
Section 14.4 for detailed discussion of gravitational accretion
of ring particles). Changes of the appearance of the wakes

are also visible. For instance, at large rh the simulated wakes
are narrow structures separated by wide gaps, whereas for
large £ and intermediate rh ! 0:6 the gaps and wake widths
are more comparable. The regime of overstable oscillations
(rh < 0:6, £ > 1) is also noticeable: apparently in this regime
the self-gravity is sufficiently strong to lead to a strong in-
crease of viscosity with density, as required for the onset of
overstability (Section 14.2.1), but simultaneously the non-
axisymmetric wakes are not yet too strong to suppress the
coherence of axisymmetric oscillations.

14.1.3.5 Gravitational Viscosity

In the case of strong wakes the total viscosity is dominated
by the angular momentum transfer related to the gravitational
torques exerted by the inclined wakes (gravitational viscos-
ity), and by the transfer associated with the large scale mo-
tion of the wakes (adds to the local viscosity, whose other

Fig. 14.7 The dependence of self-gravity wakes on optical depth £,
and the strength of gravity relative to the tidal force, quantified in
terms of the rh parameter. Also indicated are those values of Sat-
urnocentric distance a (in units of 1,000 km) to which rh corresponds
for ¡ D 900 kg m!3. Simulations use identical particles with "n D 0:5.
The size of the calculation area covers 4!cr ! 4!cr region, thus scal-
ing proportional to expected scale of wakes (physical size scales ac-
cording to !cr=R0 " r3

h# , varying from 35 to 600 particle radii). Note
the region in the upper left (# > 1, rh " 0:6) where axisymmetric
overstable oscillations (Section 14.2.1) coexist with the inclined grav-
ity wakes. Also note that £ here refers to the average geometric optical
depth of the system (the total area of particles divided by the calcula-

tion area). The photometric optical depth would be generally different,
its value also depending on the observing direction (Salo et al., 2004;
Porco et al., 2008; Robbins et al., 2009). The insert shows schemati-
cally the dynamical regimes where physical impacts, pairwise gravity,
and collective gravity dominate, based on a simple estimate of which
ingredient alone would maintain the largest radial velocity dispersion
(cr D 2R$ for impacts, cr D vesc for encounters, or Q D 2 for wakes;
see Salo 1995; Ohtsuki and Emori 2000; Daisaka et al. 2001). Also in-
dicated is the region where overstability occurs in simulations, and the
boundary beyond which particles clump into local aggregates in simu-
lations (rh # 1:2, see Salo 1995 and Karjalainen and Salo 2004)

farther from Saturn → 

more
material

↑

Schmidt et al. (2009)
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Particle Streamlines Near Small Embedded 
Moonlet Without Self-Gravity or Collisions

Lewis and Stewart 2009 



Figure 16: Upper frame: Effect of a 40 meter diameter moonlet in self-gravitating simulation. The frame

shows a 4km by 0.6km azimuthally elongated simulation region co-moving with the moonlet’s orbital mo-

tion (the planet is downward and orbital motion is to the right). Two symmetric density enhancements are

seen downstream of the moonlet, in addition to smaller scale self-gravity wakes formed by the one meter

ring particles. The simulation also illustrates the limited-accretion mechanism pointed out by Porco et al.

(2007): the moonlet with internal density 600 kgm�3 was able to accumulate lower density ring particles

(450 kgm�3) until its Hill sphere was filled. Lower frame: Synthetic image constructed for the geometry of

the Cassini SOI images where the first propellers were detected (Tiscareno et al., 2006). A fair correspon-

dence to observed propellers (contours indicate a fit to the SOI4 propeller feature in Tiscareno et al. (2006);

see Fig. 16 in the chapter by Colwell et al.) is achieved if ring particles are covered with loosely-bound

regolith, released in the vicinity of the moonlet due to locally enhanced impact speeds: here it is assumed

that impacts with vimp > 1cms�1 lead to release of regolith-debris, which is re-accumulated during the

subsequent impacts. Even a modest amount of such debris (here �debris = 0.025 averaged over the calcu-

lation region) is able to hide the downstream gaps and enhance the brightness of the density crests. Figure

modified from Sremčević et al. (2007) (supplementary online-material); photometric calculations with the

method of Salo and Karjalainen (2003), Salo et al. (2004).
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Propellers in the A Ring

• Biggest ring particles (smallest 
moonlets) can’t open a full gap, but 
disturb nearby longitudes.

• Propeller-shaped structure surrounding 
embedded moonlets was predicted 
before Cassini arrived at Saturn.

• Density contours are similar to those in 
Hill’s problem, but self-gravity and 
collisions are important.

• Longitudinal extent determined by ring 
viscosity.

• Non-uniform radial distribution: “belts” 
in mid-A Ring (near where azimuthal 
asymmetry is strongest) and outside 
Encke Gap.

Seiss	
  et	
  al	
  2005,	
  GRL

Tiscareno	
  et	
  al	
  2006,	
  Nature

Basic	
  Hill	
  Problem



Propellers are predicted to form when ring self-gravity is weak.

Michikoshi and Kokubo 2010
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Figure 4. Observed longitude of the propeller “Blériot” over four years, with a linear trend (616.◦7819329 day−1) subtracted off. Only data points with measurement
errors σ < 0.◦01 are shown. Error bars (1σ ) are given, but in many cases are smaller than the plotting symbol. Panel (a) shows all the data, while panels (b)–(d)
contain subsets of the data shown in greater detail. The residuals to the linear trend (horizontal dotted line) are less than ±300 km, but are clearly not randomly
distributed. The dotted line indicates a linear-plus-sinusoidal fit to all the data, with an amplitude of 0.◦11 and a period of 3.68 years. The solid lines indicate piecewise
quadratic fits, corresponding to a constant drift in semimajor axis; in particular, the data from mid-2006 to early-2007 (panel (c)) are fit by a linear trend with a constant
acceleration of −0.′′0096 day−2 (ȧ = +0.11 km yr−1), while the data from late-2007 to early-2009 (panel (d)) are fit by a linear trend with a constant acceleration of
+0.′′0023 day−2 (ȧ = −0.04 km yr−1).

Table 1
Orbit Fits for trans-Encke Propellers

Nickname n (deg day−1)a a (km)a Longitude No. of Imagesc Time Interval rms deviation
at epochb

(in km) (in longitude)

Earhart 624.529897(2) 133797.8401(3) 57.◦85 3 2006–2009 (2.7 yr) 730 0.◦31
Post 624.4867(3) 133803.99(4) 58.◦09 3 2006–2008 (1.7 yr) 12 0.◦01
Sikorsky 623.917736(1) 133885.0475(2) 70.◦37 3 2005–2008 (3.1 yr) 230 0.◦10
Curtiss 623.7473 133909.36 210.◦04 2 2006–2008 (1.7 yr)
Lindbergh 623.3176(2) 133970.69(2) 112.◦08 3 2005–2008 (3.0 yr) 71 0.◦03
Wright 622.5527 134080.03 251.◦85 2 2005–2006 (1.3 yr)
Kingsford Smith 620.761649(2) 134336.9350(3) 202.◦44 4 2005–2008 (2.9 yr) 670 0.◦28
Hinkler 619.80519(1) 134474.639(2) 58.◦85 3 2006–2008 (1.3 yr) 360 0.◦15
Santos-Dumont 619.458729(1) 134524.6067(2) 324.◦11 9 2005–2009 (4.3 yr) 670 0.◦28
Richthofen 617.7011 134778.83 122.◦90 2 2006–2007 (0.3 yr)
Blériot 616.7819329(6) 134912.24521(8) 193.◦65 89 2005–2009 (4.2 yr) 210 0.◦09

Notes.
a Formal error estimates, shown in parentheses for the last digit, are for the best-fit linear trend in longitude. They are much smaller than the rms deviations in longitude,
given in the right-hand column.
b Epoch is 2007 January 1 at 12:00:00 UTC (JD 1782806.0). All orbit fits assume e = 0 and i = 0.
c Not including images of insufficient quality to include in the orbit fit.

which is shown by the solid lines in Figure 4. The most likely
physical mechanism for the former is some kind of resonant
interaction, perhaps with one of the many larger moons in or
near the rings, although no resonance has yet been identified that
might plausibly explain “Blériot’s” motions. The most likely
physical mechanism for the latter is that “Blériot” periodically
suffers collisions (Lewis & Stewart 2009) that jostle its orbit onto
a new one, but that in between such kicks its semimajor axis

drifts linearly due to gravitational and/or collisional interactions
with the disk.

Continued investigation of the non-Keplerian motion of
propeller moons is ongoing.

This Letter is dedicated to the memory of Kevin Beurle.
We thank B. M. Byington for help with image processing. We
thank the Cassini project and the Cassini Imaging Team. M.S.T.

Longitude residuals of propeller Blériot
Tiscareno et al. 2010

Probably due to gravitational interaction with 
nearby ring material, but mechanism is not clear.
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vides constraint  on the pat tern speed but 
does not single-handedly determine O3o, in 
spite of  the high correlation between the 
two parameters .  The remaining Voyager  2 
observations,  which cover  an interval of  
- 1 . 2  days and -1~  complete rotations of  
the seven-lobed pattern,  alone yield a value 
of  o30 virtually identical to the original one. 
In addition, the ext reme radial location and 
high precision of  the RSS point forces the 
solution to slightly higher a and e. Any pa- 
rameter  differences found in these tests 
through either complete  removal  of  the 
RSS datum, or alteration of  absolute or rel- 
ative errors or the RSS radial location are 
completely accounted for by the quoted un- 
certainties. Examinat ion of  the X2in + 1 so- 
lutions for the A-ring edge data yields an 
estimated 68% probability of  the RSS ob- 
servation falling within - 10 ° of  apoapse. 

B-Ring Edge 
The initial four-parameter  solution for 

the B ring, with 9 DOF,  was 

a = 117,577 --- 18 km 

o30 = 218--- 11 ° 

e = 6.5(0.8) × 10 -4 

f~p = 382?00 + 0?04 day -1 

x2/DOF = 4.7. 

The mean motion of  Mimas is 381.°997 
day-~; its position in the SOL system at 
epoch is hSoL(Mimas) = 213 ° --- 1 °. The so- 
lution pattern speed of the B-ring is identi- 
cal to Mimas '  angular velocity. Note  also 
that, to within the formal uncertainty,  the 
periapse is aligned with the position of  Mi- 
mas. The condition for closed orbits inte- 
rior to a resonance imposed by basic reso- 
nance dynamics requires that conjunctions 
occur  at periapse for test particle orbits. 
The 2 :1  Mimas resonance location has 
been computed  to be 117,553 km, 24 km 
within the four-parameter  solution for the 
B-ring edge semimajor axis. It is known 
that the inclusion of  perturbations due to 

117.78 

117,70 

g 
117.62 

--~ 117.5Z 

Ill .d( 

117.3 

f r r r l l l l r r l  
B RING EDGE 
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UVS RSS 

' J i _ t l ~  
6~ ' i~o ~ ~D ~o 3® ~o 

S~ LONGITUDE, d~ 

FIG. 4. The model obtained for the B-ring edge with 
f~p fixed at fl (Mimas). Parameters are given in text. 
Data points have been precessed to the SOL system 
epoch. Open circles are Voyager 1 data; filled circles, 
Voyager 2. The position of Mimas in the SOL system 
at epoch is indicated. 

self-gravity and viscous stresses permits 
models in which the particle streamlines ex- 
tend across the resonance location (Borde- 
ries et al., 1982). Thus the results reported 
here are consistent  with the hypothesis  of  
forcing by Mimas and we are justified in 
setting f~p = fA~, thus reducing the number 
of  free parameters  to three. The best three- 
parameter  solution with 10 degrees of  free- 
dom, is 

a = 117,577 -+ 18 km 

e = 6.3(0.8) x 10 -4 

o30 = 215 + 6 ° 

xz/DOF = 4.3. 

This solution is shown in Fig. 3. The SOL 
position of  Mimas is indicated. The xZ/DOF 
for  this model,  4.3, is larger than those ob- 
tained from the model fits of  other  eccentric 
features studied in a similar manner  (Paper 
1) for which the data are of  comparable 
quality. It is plausible that the simple copla- 
nar double-lobed model used here is insuffi- 
cient to fully describe the B-ring shape. Ad- 
ditional models will be investigated in the 
future. 

DISCUSSION 
Several  important features of  the B-ring 

can be deduced from the results obtained 

m = 2 pattern, 
periapse aligned 

with Mimas [edge is 
near Mimas 2:1 ILR]

Porco et al. 1984

A- AND B-RING OUTER EDGES OF SATURN 23 

TABLE III 

PATTERN SPEEDS, ~'~p, AND COEFFICIENTS, /~, OF 
THE POTENTIAL COMPONENTS FOR MASS RATIOS 

2.3, 3.3, AND 4.3 AT THE 7 : 6 COORBITAL 
RESONANCE 

k ~Qp(k) fl(k,2.3) /3(k,3.3) fl(k,4.3) 

0 518.°291 day i 0.001 -0.143 -0.144 
1 518.309 -0.101 0.008 0.155 
2 518.327 -0.006 0.245 0.388 
3 518.345 0.216 0.377 0.343 
4 518.364 0.332 0.255 0.119 
5 518.382 0.237 0.039 -0.046 

p o n e n t s  a re  g iven  in T a b l e  I I I  fo r  0 -< k -< 5, 
(~min = 6 °, and  M = 2.3, 3.3, and  4.3 to  
a c c o m m o d a t e  the  u n c e r t a i n t y  o f  ± 1 in the  
m a s s  ra t io .  

A ser ies  o f  so lu t i ons  for  the  A- r ing  edge  
d a t a  w a s  o b t a i n e d  b y  s p a n n i n g  the  r ange  o f  
p a t t e r n  s p e e d s  517775 < ~ p  < 519725 d a y  -~ 
in i n c r e m e n t s  o f  0?003 d a y  - I  whi le  ho ld ing  
l~p f ixed and  le t t ing  the  t h ree  r e m a i n i n g  pa-  
r a m e t e r s ,  a,  e, and  o)0, v a r y .  F i g u r e  2 s h o w s  
the  r e s idua l s  p e r  d e g r e e  o f  f r e e d o m  (X2/ 
D O F )  vs p a t t e r n  s p e e d  w h e r e  D O F  = the  
n u m b e r  o f  d a t a  po in t s  minus  the  n u m b e r  o f  
f ree  p a r a m e t e r s .  A c c e p t a b l e  so lu t ions  a re  
o b t a i n e d  wi th  a f ami ly  o f  p a t t e r n  s p e e d s  f~p 
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PATERN SPEED ( ° / d a y )  

FIG. 2. The residuals per degree of freedom (X V 
DOF), obtained by fitting a seven-lobed pattern to the 
radius-longitude data of the A-ring edge vs pattern 
speed (o day-i) in the vicinity of the mass-weighted 
average mean motion of the coorbital satellite system, 
£~ = 5187291 day i. The minimum-residuals solution 
closest to f l ie r  = 51871 + 0.°~ day ~, is indicated by 
a. 

136.80 r I I A r R I N G  EOGE I i r i 
a 

e 1~.78 

~136.16 
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FIG. 3. The seven-lobed model obtained for the A- 
ring edge with l~p fixed at 518731 day-L The model 
parameters are given in text. Data points have been 
precessed to the SOL system epoch. The open circle is 
a Voyager 1 datum; filled circles, Voyager 2 data. (a) 
Complete seven-lobed figure. (b) Data folded onto one 
lobe with 030 = 197 °. 

= 5187312 -+ A~pn + 0?04 d a y  - ] ,  w h e r e  n is 
an  in teger ,  A~r~p ---- 0718 d a y  -~, c o r r e s p o n d -  
ing to  the  ro t a t i on  o f  one  e x t r a  lobe  be-  
t w e e n  the  s ampl ing  e p o c h s ,  and  0?04 d a y  -1 
is the  lot u n c e r t a i n t y .  Pa t t e rn  s p e e d  l~p = 
518731 is i n d i c a t e d  in Fig .  2 wi th  the  lo- 
e r r o r  bar .  The  s e v e n  m i n i m u m  X z so lu t ions  
s h o w n  in Fig.  2 a re  equ iva l en t :  each  y ie lds  
( to wi th in  the  fo rmal  lo- e r ro r s )  iden t ica l  
v a l u e s  o f  the  t h ree  va r i ab le  p a r a m e t e r s  a, e, 
and  o30 wi th  D O F  = 7. T h e s e  a re  

a = 136,773 -+ 8 k m  

e = 4.9(1.1) × 10 -5 

o30 = 197 ± 10 ° 

x2 /DOF = 0.16. 

T h e  m o d e l  so lu t i on  wi th  p a t t e r n  s p e e d  
c l o se s t  to  ~ ,  f~p = 518731 d a y  -~, is s h o w n  
in Fig .  3. Al l  d a t a  a re  p r e c e s s e d  to  the  S O L  
s y s t e m  e p o c h .  F i g u r e  3a d i s p l a y s  the  com-  
p l e t e  s e v e n - l o b e d  p a t t e r n .  F o u r  o f  the  
s e v e n  l o b e s  a r e  s a m p l e d  in this  mode l .  F ig-  

m = 7 pattern, 
[edge is near Janus/
Epimetheus 7:6 ILR]



• Spitale and Porco (2010) find the expected m = 2 
forced distortion of the outer edge of the B Ring, plus 
evidence for unforced m = 3, m = 2, and m =1 modes

• m = 1 mode interpreted as a viscously overstable self-
excited density wave. This behavior is possible if ring 
particles are closely packed (Borderies et al. 1985).

• Spitale and Porco (2009) find m = 7 distortions due 
to Janus and Epimetheus, plus unexplained structure.







Rapid Changes in the F Ring

F Ring structure includes:

• “Streamers” and “channels” due to gravitational 
perturbations by Prometheus when it approaches the ring 
(and, to a lesser extent, the more distant Pandora)

• “Jets” and kinematic spirals due to small moonlets 
embedded in the ring



Pandora
 (outer F Ring “shepherding satellite”)



Models for the Origin of Saturn’s Rings 

• (Remnant of primordial Saturn sub-nebula)

• Stranded satellite disrupted by comet

• Tidally disrupted Centaur

• Tidal stripping of Titan’s evil twin

Key constraint: Rings are >90% (maybe >99%) pure water ice.



Ring Age

• Popular view after Voyager:

• Rings may be “young” (~100 million year old) 

• Idea based on theoretical arguments about 

• ring-satellite interactions 

• contamination by interplanetary dust

• Speculation now:

• Rings likely to be ancient, but are recycled into 
new forms



Aurélien Crida & Sébastien Charnoz
Nature 468, 903–905 (16 December 2010) 
doi:10.1038/nature09738

Titan-sized
satellite is 

differentiated (or 
differentiates

as it evolves inward)
[Canup 2010]. 



Canup (2010) Scenario for Ring Origin

• A Titan-like satellite undergoes Type I migration toward 
Saturn near the end of the planet’s formation.

• Satellite is already differentiated or becomes differentiated by 
tidal heating as it moves inward.

• Tides strip material from satellite’s icy shell 

• Core collides with Saturn before it can be disrupted → 
produces massive icy ring with little contamination

• Collisions between particles spread ring

• Material that spreads outside Roche limit coagulates into 
satellites.

• Satellites evolve outward due to torques from rings and tides 
from Saturn.



courtesy of Greg Prichard



Charnoz et al. (2010)



Then, a second moon forms at rR (moon 2).
Moon 2 migrates away rapidly, approaches moon
1, and is caught by it. Another moon forms, which
is also eventually accreted by moon 1, and so
on. The growth of moon 1 thus proceeds at the
same average rate as before, but step by step
through the accretion of moonlets: This is the “dis-
crete regime” (Fig. 2B, SM 4 and 5).When D > Dc +

2rH/r, moon 1 is too far away to accrete a newly
formed moon before this new moon leaves the
continuous regime (SM 4.1). This corresponds to

D = Dd = ~3.1Dc

and q = qd ~ 20tdisk
–3/2 ~ 2200D3 as shown in

SM 4. Equation 1 implies that this occurs after

~100 orbits. Also, qd < 0.1D provided D < 6.7 ×
10−3. This is always the case around giant plan-
ets (see below and SM 7), and it justifies the
assumption that D and tdisk are constant. After
Dd is reached, a third moon appears in the sys-
tem, and the discrete regime ends.

As moons of fixed mass (produced by the
discrete regime) appear successively at a given
radius, they migrate outward with decreasing
rate, and hence their mutual distance decreases;
eventually, they merge. Therefore, moons of dou-
ble mass are periodically formed, migrate out-
ward, merge again, and so on. Assuming that
the satellites do not perturb each other’s orbit,
mergers occur hierarchically—this is the “py-
ramidal regime” (SM 6). The moons’ masses
increase with distance, and an ordered orbital ar-
chitecture settles. In the region r < r2:1 = 22/3rR,
the migration is controlled by the disk’s torque
(Eq. 3); then the mass-distance relation fol-
lowsMº D1.8, and the number density of moons
is proportional to 1/D (SM 6.1). Consequently,
just outside rR, an accumulation of small moons
is expected, consistent with observations (Fig. 1A).
Beyond r2:1, the migration is controlled by the
planet’s tides and M º r3.9 (SM 6.2).

This specific architecture is a testable obser-
vational signature of this process. A compari-
son with today’s giant planet systems of regular
moons reveals a very good match for Saturn,
Uranus, and Neptune (Fig. 1B). Neptune’s inner
moons (blue stars) match our model (blue dotted
line) very well, except for Despina, whose mass
is underpredicted by a factor of 3. Uranus’ sat-
ellites are somewhat more scattered, but the
system globally follows our model on the two
sides of r2:1 (SM 7.4), and the large number of

Fig. 1. Distribution of the regular satellites of the giant planets. Saturn: 9
satellites from Pandora to Titan. Uranus: (A) 18 from Cordelia to Oberon; (B) 14
satellites, from Bianca to Oberon (except Cupid and Mab, out of scale). Neptune:
Naiad, Thalassa, Despina, Galatea, Larissa, and Proteus. Jupiter: Metis, Adrastea,
Amalthea, These, Io, Europa, Ganymede, and Callisto. (A) Mass as a function of
the orbital radius. The four systems do not extend all the way down to the
planetary radius (vertical line), but a pile-up of small satellites is observed at a
specific distance (the Roche limit, rR). The mass increases from zero with the

distance to rR, not to the center of the planets. (B) Satellite-to-planet mass ratio
q as a function of D = (r – rR)/rR. The Roche radius for each planet is taken
consistently with the mean density of satellites, or with the orbit of the closest
one (SM 1). For Saturn, Uranus, and Neptune, rR = 140,000, 57,300, and
44,000 km, respectively. Short dashed curves: our model for the pyramidal regime
Q(D) (eq. S25, SM 6.3): for D < D2:1, q º D9/5 ; for D > D2:1, q º (D + 1)3.9,
where D2:1 = 0.59 is marked by the vertical dashed line. Jupiter’s system
does not fit well and is not shown (SM 7.3).

Fig. 2. Sketches of the
three accretion regimes,
where the accretion re-
gions are defined as T2rH
around a moon’s location.
The tidal disk is in gray
with F denoting the mass
flow at the edge. The first
moon to form is in blue,
the second in red, and the
third in green. (A) Con-
tinuous regime: only one
moon is present, directly
fed by the disk’s mass
flow. (B) Discrete regime:
When the first moon has
r > rc = rR(Dc + 1), a new
moonlet forms (in red).
The first moon (blue) con-
tinues to grow by accret-
ing these moonlets (red),
which are fed by the disk
and have masses ≤ Mc.
(C)Pyramidalregime:When
the first moon has r – 2rH >
rc, several moons can form
and grow up to M ≥ Mc.
Moons with r – 2rH > rc
grow through merging events between moons of similar masses.

(5)
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“Proximal” Orbits in 2016 and 2017 
should determine mass of rings.



Thank you!


