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Abstract

In this work, we analyze the dynamics of dust parti-
cles in the Jovian gossamer rings with both analyti-
cal and numerical methods. Grain sizes from submi-
crons to one hundred microns are considered. For the
numerical simulations, high accuracy orbital integra-
tions for the orbital evolution of dust are employed,
including the effects of higher degree Jovian gravity,
the Lorentz force, solar radiation pressure, Poynting-
Robertson drag, plasma drag, and gravity of the Sun
and the Jovian moons (the four inner Jovian moons
Metis, Adrastea, Amalthea and Thebe, and the four
Galilean moons Io, Europa, Ganymede and Callisto).
The dust particles are started from the orbits of the
Jovian moons Amalthea and Thebe. For the Jovian
plasma environment, we use the new Jovian plasma
model DG2 [1]. For the Jovian magnetic field, we use
the field model VIPAL up to fifth degree and fifth order
[2]. The details of the dynamical model for numerical
simulations are described and used in [3, 4, 5]. The
long-term numerical integrations are carried out in the
large computer cluster located at the Finnish CSC-IT
Center for Science. For micron-sized and submicron-
sized particles, the precise locations of orbital reso-
nances in the region of the gossamer rings are size-
dependent. We calculate the locations of these res-
onances (the 1:2, 2:3, 3:4 and 4:5 exterior Lorentz
resonances, the 2:1 and 3:2 Io resonances, the 1:1
Amalthea resonance, and the 1:1 Thebe resonance)
with the analytical method. The resonance locations
calculated with the analytical method match well with
the results obtained by the simulation results. The for-
mation of the gossamer rings and the Thebe exten-
sion can be also explained in terms of the orbital res-
onances of dust particles [4]. Besides, we find that a
large amount of sub-micron particles are transported
outward to the region of the Galilean moons.
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Abstract

We investigate the influence of collective self-gravity
forces on the nonlinear, large scale evolution of the
viscous overstability in Saturn’s rings. We numerically
solve the nonlinear hydrodynamic model equations in
the isothermal and non-isothermal approximation, in-
cluding radial self-gravity and employing transport co-
efficients derived by [3]. We concentrate on optical
depths 7 = 1.5 — 2, which are appropriate to model
Saturn’s dense rings. Furthermore, local N-body sim-
ulations, incorporating vertical and radial collective
self-gravity are performed. Vertical self-gravity is
mimicked through an increased frequency of vertical
oscillations, while radial self-gravity is approximated
by solving the Poisson equation for an axisymmet-
ric thin disk in Fourier space. Direct particle-particle
forces are omitted, which prevents small scale gravita-
tional instabilities (self-gravity wakes) from forming,
an approximation that allows us to study long radial
scales (5 km or more) and to compare directly the hy-
drodynamic model and the N-body simulations . Our
isothermal and non-isothermal hydrodynamic model
results, in the limit of vanishing self-gravity, compare
very well with the studies of [1] and [2], respectively.
In contrast, for rings with non-vanishing radial self-
gravity we find that the wavelengths of saturated over-
stable wave trains tend to settle close to the frequency
minimum of the nonlinear dispersion relation. Good
agreement is found between non-isothermal hydrody-
namics and N-body simulations for disks with strong
radial self-gravity, while the largest deviations occur
in the limit of weak self-gravity. The resulting satura-
tion wavelengths of the viscous overstability for mod-
erate and strong radial self-gravity (A ~ 100 — 300m)
agree reasonably well with the length scale of the ax-
isymmetric periodic micro structure in Saturn’s inner
A ring and the B ring, as found by Cassini.
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Abstract

Observations made by the Cassini spacecraft have re-
vealed both large and small-scale structures in Sat-
urn’s rings in unprecedented detail. Large-scale pat-
terns include ringlets, density and bending waves, cir-
cumferential gaps, kinematic wakes, and propellers.
These are foremost created by gravitational interaction
with external as well as embedded moons. Analysis
of Cassini and Voyager occultation data, however, re-
vealed the presence of another moon-induced feature.
Few kilometer wide individual gaps located within a
few kilometers of the Encke and Keeler gap edges are
exclusively found downstream of Pan and Daphnis, re-
spectively. Recent Cassini images provide evidence
for material separating from these edges, leaving de-
pleted regions that are most likely the gaps seen in oc-
cultations.

High-resolution measurements by the Cassini Ul-
traviolet Spectrograph (UVIS) High Speed Photome-
ter (HSP) and the Imaging Science Subsystem (ISS)
show an abundance of intrinsic small-scale structures
(or clumping), seen across the entire ring system. Ex-
amples include self-gravity wakes (50-100m), sub-km
structure at the A and B ring edges, and "straw"/"ropy"
structures (1-3km). In particular, wavelet analysis and
an m-test based search for gaps within the A ring show
that these density wakes are predominantly found in
perturbed regions of the rings such as density waves
and the outer A and B ring edges. Driven by reso-
nances with external moons, these perturbed regions
undergo periodic phases of compression and relax-
ation that correlate with the presence of structure, im-
plying structure formation on time scales as short as
one orbit. Also, double star occultations reveal radial
variations at ring eges beyond the well-known large-
scale excursions, that provide further evidence for the
presence of intrinsic structure.

I will review observations of gaps at the Keeler and
Encke gap and discuss the analysis and features of de-
tected small-scale structures.
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Abstract

We show that the past confinement of Saturn’s rings
by Mimas’ 2:3 mean motion resonances leads to the
formation of two equivalent mass seeds to Janus and
Epimetheus on the same orbit. This could explain the
origin of their fascinating mutual horseshoe orbits con-
figuration, in the frame of satellite formation from the
spreading of the rings beyond the Roche radius [1, 3].

Figure 1: Janus and Epimetheus seen by Cassini.

1. Introduction

Janus and Epimetheus orbit Saturn at 151 461 km on
average, on mutual horseshoe orbits with orbital sep-
aration 50 km, exchanging position every 4 years (see
figure 1). This configuration is unique and intrigu-
ing: their orbital separation should converge to zero
in about 20 Myrs only [4], and no satisfactory model
for the origin of this co-orbital resonance exists yet.
Recently, it has been demonstrated with a 1D model
[1] that Janus and Epimetheus probably formed from
the spreading of the rings beyond the Roche radius.
However, this previous work did not address the ori-
gin of the horseshoe configuration. Here, we study this
phenomenon in the frame of the elliptical restricted 3-
body problem, where ring particles are perturbed by
mean motion resonances with the outer satellite Mi-
mas.

2. Our model

Two types of resonances play different roles. The
Lindblad resonance (LR) confines the rings radially,
and prevents their spreading. This is illustrated for
instance by the confinement of the outer edge of the
B-ring by Mimas’ 1:2 LR (which helps preserving the
Cassini division), and by the confinement of the outer
edge of the A-ring by Janus’ 6:7 LR [5]. In contrast,
the n:n+1 Corotation resonance (CR) confines the
rings azimuthally in n capture sites (akin Neptune’s
arcs).

Because of Saturn’s J5, Mimas’ 2:3 CR is 130 km
closer to Saturn than the 2:3 LR. Today, they are both
slightly outside the Roche radius and do not interact
with the rings. But Mimas is migrating outwards under
the influence of the ring torque et Saturn’s tides. A few
hundred million years ago, both the 2:3 LR and CR
with Mimas were just inside the Roche radius. At this
time, the rings were confined by the 2:3 LR, and the
two capture sites of the CR were full of ring material
(top left panel of figure 2).

When Mimas migrated outwards so that its 2:3
mean motion resonances receded past the Roche ra-
dius, the captured material agglomerated into two bod-
ies of ~ 101° kg on the exact same orbit, as sketched
on top right and bottom left panels of figure 2.

These bodies then migrate outwards together due to
their interaction with the rings, in mutual horseshoe or-
bits. The rings spawn new small satellites, eventually
accreted by the proto-Janus and the proto-Epimetheus,
following the pyramidal regime of the ring spreading
model [3] (see the bottom right panel of figure 2). The
two bodies thus grow in mass. These merging events
also excite their orbital separation, leading to a config-
uration close to the present one.



LR

I LR I:
| I
r r rR
@
—0
@
]
T

rR r I‘R r

Figure 2: Sketch of our scenario for the formation of
Janus and Epimetheus from the spreading of the rings
Top left: initial condition, Mimas confines the rings
with it’s 2:3 LR.

Top right : Mimas migrates outwards and its 2:3 mean
motion resonances are now outside the Roche radius.
Bottom left : the ring material captured into the corota-
tion sites agglomerates into 2 bodies on the same orbit.
Bottom right : the two bodies migrate outwards, while
accreting satellitesimals spawn by the spreading of the
rings.

3. Summary and perspective

We propose a novel solution to one of the most excit-
ing mysteries of modern celestial mechanics : the ori-
gin of Janus and Epimetheus’ mutual horseshoe con-
figuration. In the frame of the recently developed
model of formation of Saturn’s regular satellites from
the spreading of the rings beyond the Roche radius
[1, 2, 3], Mimas’ 2:3 Lindblad and Corotation reso-
nances provide perfect conditions for the formation of
2 equal sized bodies on the same orbit.
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Abstract

The Cassini Ultraviolet Imaging Spectrograph (UVIS)
High Speed Photometer (HSP) has recorded more than
150 stellar occultations of Saturn’s rings. About one
third of these are observations involving double stars,
where each star contributes its own, independent light
curve. For each light curve its footprint, as projected
into the ring plane and dependent on observation ge-
ometry, samples a different region in the ring. Here,
we focus on ring edges. Each occultation then yields
two independent edge measurements at two different
times and longitudes. We infer relative changes in op-
tical depth and radial position over an azimuthal dis-
tance as short as 20 meters. These relative measure-
ments require neither photometric nor geometric cal-
ibration and inform on the small-scale variability of
structure/features with relative resolutions an order of
magnitude higher than typically achieved.

The Encke and Keeler gap edges as well as the outer
B and A ring edges show radial excursions on the
order of tens of meters. These radial variations are,
in comparison to the common multi-mode analysis
of edge kinematics, high-frequency components with
corresponding m numbers of m>5000000. We note
that spatial dimensions inferred here are 10-100 times
smaller than those of features Region A and B at the B
ring edge or "Peggy"-type objects at the A ring edge,
and are comparable to individual self-gravity wakes or
clumps/particles. The Titan and Huygens ringlets in-
ner and outer edges, on the other hand, are, in com-
parison, highly regular and smooth with radial varia-
tions of only a few meters. Nevertheless they show
variations in normal optical depth on the order of 0.4,
well above the expected margin due to intrinsic stel-
lar variability. We also identified three features in the
C ring that show little radial variability and can thus
be considered smooth. Interestingly, this irregularity
or raggedness of the edges - manifestation of intrinsic
small-scale structure of the ring - is stronger with in-
creasing radial distance from Saturn. This is consistent

with the current understanding that larger structures
form in regions of weaker tidal forces or perturbed re-
gions such as the A and B ring edges.
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Abstract

During the Ring Grazing orbit, starting from
December 2016, Cassini carried out twenty of the
faint Saturn ring crossing observations at the distance

of 2.45-2.51 Rs (1Rs~ 60,268 km) from Saturn center.

We will show the electron and the ion density
measurements of the RPWS/Langmuir Probe (LP)
during these orbits. In most of the orbits significant
ion/electron density differences have been observed,
which indicates the presence of the charged nm and
uwm sized grains. The relationship between the
observed charge densities and the electrical potential
of the grains shows that the grains and the ambient
electrons and ions are electro dynamical ensemble, a
dusty plasma. The results show that characteristic
dust size changes depending on the distance from the
ring center. The result suggests that a dusty plasma
state is related to the dynamics of the grain sizes.

1. Introduction

Near the Enceladus and its surrounded E ring Cassini
observations revealed that the nm and pm sized
charged dust grains are abundant and playing an
important role in the plasma dynamics; the dusty
plasma [1], [2]. In such region, a large unbalance of
the ion and the electron densities (the ion density
higher than the electron density) had been observed.
Dusty plasma can be expected in other place of the
ring system, especially in the faint rings that is
composed of nm and pm size small grains such as the
F ring [3].

2. Results

Series of the ring passage observation show a
consistent dust and plasma structure around the
equator:

1) Relatively dense plasma disk has been observed in
both the electron and the ions around the equator at
|Zkmel<1Rs.

2) An additional sharp ion density increasing has
been observed at |Zgug/<0.1Rs. The observed
densities at the equator were several 10? cm™ for ions,
while the electron density remains a few 10 cm™. The
density ratio of the electrons to the ions (Ne/Ni) were
close to or less than 0.1 at the equator.

3) The um sized dust density enhancement has been
observed in the region. However, the region was
narrower (|Zxme/<0.02Rs) than the ion density
enhancement region. This suggests that the
characteristic size of the negative charged particles
varies depending on the distance from the ring center.
On the other hand, the dominant part of the negative
charges is carried by the nm size small grains in all
the region where the electron/ion density difference
have been observed.

5) The density ratio of the electrons to the ions has
variations over the five months of Dust Grazing
orbits. It had decreasing variation in the first eight
Dust Grazing orbits (the orbit 251, doy339 2016 to
the orbit 258, doy023 2017), and then sharply
increased at orbit 267 and in a decreasing phase again.

In addition, the plasma wake effect has been
observed in a few orbits when the LP is located in the
downstream of the ideal co-rotation of the spacecraft,
which means that the observed LP current are not due
to the secondary effect of the dust but the plasma
ions flowing around the spacecraft.

The observed plasma and dust parameters are
important not only in suggesting the presence of the
dusty plasma near the F ring, but also showing an
importance of the small nm size grains as a negative
charge carrier in a dusty plasma [4], [5]. Numbers of
close optical investigations of F rings by Cassini
showed the highly variable F ring structure that is
affected by the orbits of the nearby object [6] and the
dust size characteristics are also variable in different
region. The relationship of the dust size distribution
and the dust state obtained here implies a complex



dusty plasma dynamics related to the dynamics of the
grain aggregation and the shattering processes.

Cassini 2016/12/26 (361) Rev-254

05 04 03 02 -0.1 0 01 02 03 04 05
Zkue Rs]

Figure 1: The summary of the Langmuir probe observation
during one of the ring crossing. Panels show from the top:
VI spectrogram of the LP, the densities of the charged
particles, pum sized dust observation of RPWS, the
estimated pm sized grain density, and the -electron
temperature.
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Abstract

The viscous overstability of dense planetary rings is a
promising mechanism for the generation of observed
100-200 meter radial density variations in the B and
the inner A ring of Saturn, detected by Cassini RSS,
UVIS, and VIMS occultations [1, 7, 2]. Viscous over-
stability, in the form of spontaneous growth of axisym-
metric oscillations, arises naturally in N-body simula-
tions in the limit of high impact frequency and mod-
erately weak selfgravity [3, 4, 5, 6]. The basic mech-
anism behind this instability mechanism is the rapid
rise of viscosity with density, leading to a situation
where collisional flux overshooths in trying to smooth
the density variations.

£=0.1 + friction e=0.1 €=0.3

e=0.1 + SIZE e=0.5

Figure 1: Survey of the onset of viscous overstabil-
ity in N-body simulations with different dynamical
optical depths 7 and particle elastic properties (e de-
notes the normal coefficient of restitution). The time-
averaged radial cuts of the particle-particle autocorre-
lation function are displayed: regular undulations in-
dicate the presence of overstable oscillations (high-
lighted by orange color). The labels indicate the im-
pact frequency (imapact/particle/orbit). It is seen that
increased dissipation promotes overstability.

This presentation reviews the N-body modeling of
overstability, and whenever possible, ties the numer-

ical results to Cassini observations. In particular we
address the threshold optical depth for obtaining over-
stability, and how this depends on particle physical
properties (see Fig. 1). The differences between non-
gravitating simulations, and simulations including ring
self-gravity with various degrees of approximations
are also addressed.
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Abstract

Among the great discoveries of the Cassini mission are
the propeller-shaped structures created by small moon-
lets embedded in Saturn’s dense rings. These moon-
lets are not massive enough to counteract the viscous
ring diffusion to open and maintain circumferential
gaps, distinguishing them from ring-moons like Pan
and Daphnis.

Partial gaps are one of the defining features of pro-
peller structures. Until recently only the largest known
propeller named Blériot showed well-formed partial
gaps in images taken by the Narrow Angle Camera on-
board the Cassini spacecraft !. We analyze images of
the sunlit side of Saturn’s outer A ring which show the
propeller Blériot with clearly visible gaps. By fitting
a Gaussian to radial brightness profiles at different az-
imuthal locations, we obtain the evolution of gap min-
imum and gap width downstream of the moonlet.

We report two findings:

1. Numerical simulations indicate that the radial
separation of the partial propeller gaps is ex-
pected to be 4 Hill radii [1, 2, 3]. From the radial
separation of the gaps in the analyzed images, we
infer Blériot’s Hill radius to be a few hundred me-
ters, consistent with values given by [4, 5, 6].

2. In order to estimate the ring viscosity in the re-
gion of Saturn’s outer A ring, where Blériot or-
bits, we fit several model functions (one example
being the analytic solution derived in [7]), which
describe the azimuthal evolution of the surface
density in the propeller gap region, to the data ob-
tained from the image analysis. We find viscos-
ity values consistent with the parameterization of
ring viscosity by [8], but significantly lower than
the upper limit given by [9].

IRecently, partial gaps were also resolved for the propellers
Earhart and Santos-Dumont in high resolution images taken during
Cassini’s ring grazing orbits.
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Abstract

The Cosmic Dust Analyzer (CDA) onboard Cassini
characterized successfully the dust environment at Sat-
urn since 2004. The instrument measured the pri-
mary charge, speed, mass and composition of indi-
vidual submicron and micron sized dust grains. Start-
ing in December 2016 Cassini performed ring plane
crossings at radial distances of 2.48 Saturn radii and
at 1.05 Saturn radii (proximal orbits, starting in April
2017). For the first time, an in-situ dust detector ex-
plored the F-ring region of Saturn. CDA determined
particle densities, particle mass distributions and com-
positional measurements. Furthermore, the High Rate
Detector (HRD) was activated using a high time and
spatial resolution. The relativ impact speed of dust
grains at the instrument target during ring plane cross-
ings was 20 km/s (F ring orbits) and 30 km/s (proximal
orbits), respectively. The high impact speeds allowed
a sensitive compositional analysis and the detection of
grains well below 50 nm. CDA successfully charac-
terized the F-ring region and found, that the inner edge
of the E-ring reaches radial distances of 2.5 Rs. Larger
grains above 0.8 micron are focused to the ring plane,
whereas smaller grains were measured as far as 60.000
km away from the ring plane.

For the first time, in-situ measurements were per-
formed inside Saturn’s main ring system at radial dis-
tances of 1.05 Saturn radii. The overall dust density
within Saturn’s main ring and close to Saturn is much
lower than expected. Especially larger grains above
0.7 micron are depleted. The characterization of the
"ring rain" from Saturn’s main ring towards Saturn was
an ultimate goal of CDA.
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Abstract

Discs are a common structure in the universe that
appears on a vast range of different size scales:
Galaxies, active galactic nuclei, protoplanetary discs,
solar systems and planetary rings. Recent works have
shown that bodies embedded in protoplanetary discs
or planetary rings create S-shaped density modula-
tions called propellers if their mass deceeds a certain
threshold or cause a gap around the entire circumfer-
ence of the disc if the embedded bodies mass exceeds
it. Two counteracting physical processes govern the
dynamics and determine what structure is created:
The gravitational disturber excerts a torque on nearby
disc particles, sweeping them away from itself on both
sides thus depleting the discs density and forming a
gap. Diffusive spreading of the disc material due to
collisions counteracts the gravitational scattering and
has the tendency to fill the gap. Propeller structures
where predicted and discussed in detail by Spahn
and Sremcevi¢ [1, 2] and were later discovered by
the Cassini spacecraft [3, 4, 6, 5]. Cassini found the
tiny moon Daphnis in the Keeler division [7] and
just recently the ALMA radio telescope for the first
time discovered gaps in a protoplanetary disc [8]
thus might have indirectly whitnessed the birth of
protoplanets.

We develop a nonlinear diffusion model that ac-
counts for those two counteracting processes and
describes the azimutally averaged surface density
profile an embedded moon creates in planetary rings.
The gaps width depends on the moons mass, its
radial position and the rings viscosity allowing us
to estimate the rings viscosity in the vicinity of the
Encke and Keeler gap in Saturns A-Ring and compare
it to previous measurements [9, 10]. We show that for
the Keeler gap the time derivative of the semi-major
axis as derived by [11] (i—‘t’ ~ 714) is underestimated
yielding an underestimated viscosity for the ring. We
therefore derive a corrected expression for said time
derivative by fitting the solutions of Hill’s equations
for an ensemble of test particles. Furthermore we

estimate the masses for potentionally unseen moonlets
in the C-Ring and Cassini division.

References

[1] Spahn, F., Sremcevi¢, M.: Density patterns induced by
small moonlets in Saturn’s rings?, Astronomy and Astro-
physics, Vol. 358, pp. 368-372, 2000

[2] Sremcevi¢, M., Spahn, F., Duschl, W.: Density struc-
tures in perturbed thin cold discs, Monthly Notices of the
Royal Astronomical Society, Vol. 337, pp. 1139-1152,
2002

[3] Tiscareno, M. S., Burns, J. A., Hedman, M. M., Porco,
C.C., Weiss, J. W., Dones, L., Richardson, D. C., Murray,
C. D.: 100-metre-diameter moonlets in Saturn’s A ring
from observations of ‘propeller’structures, Nature, Vol.
440, pp. 648-650, 2006

[4] Sremcevi¢, M., Schmidt, J., Salo, H., Seisz, M., Spahn,
F., Albers, N.: A belt of moonlets in Saturn’s A ring,
Nature, Vol. 449, pp. 1019-1021, 2007

[5] Tiscareno, M. S., Burns J. A., Hedman, M. H., Porco, C.
C.: The Population of Propellers in Saturn’s A Ring, The
Astronomical Journal, Vol. 135, pp. 1083, 2008

[6] Tiscareno, M. S., Burns, J. A., Sremcevié¢, M., Beurle,
K., Hedman, M. H., Cooper, N. J., Milano, A. J., Evans,
M. E., Porco, C. C., Spitale, J. N., Weiss, J. W.: Physi-
cal Characteristics and Non-Keplerian Orbital Motion of
"Propeller" Moons Embedded in Saturn’s Rings, The As-
trophysical Journal Letters, Vol. 718, L.92, 2010

[7] Porco, C. C.: S/2005 S 1, IAU Circulars, Volume 8524,
p- 1., 2005

[8] Hsi-Wei Yen and Hauyu Baobab Liu and Pin-Gao Gu
and Naomi Hirano and Chin-Fei Lee and Evaria Pus-
pitaningrum and Shigehisa Takakuwa: Gas Gaps in the
Protoplanetary Disk around the Young Protostar HL Tau,
The Astrophysical Journal Letters, Vol. 820, L25, 2016

[9] Tiscareno, M. S., Burns, J. A., Nicholson, P. D., Hed-
man, M. H., Porco, C. C.: Cassini imaging of Saturn’s
rings: II. A wavelet technique for analysis of density
waves and other radial structure in the rings, Icarus, Vol.
189, pp. 14-24, 2007



[10] Tajeddine, R., Nicholson, P. D., Tiscareno, M. S., Hed-
man, M. H., Burns, J. A., El Moutamid, M.: Dynamical
phenomena at the inner edge of the Keeler gap, Icarus,
Vol. 289, pp. 80-93, 2017

[11] Goldreich, P., Tremaine, S.: Disk-satellite interactions,
Astrophysical Journal, Vol. 241, pp. 425-441, 1980



EPSC Abstracts

Vol. 11, EPSC2017-853, 2017

European Planetary Science Congress 2017
© Author(s) 2017

EPSC

European Planetary Science Congress

Studies of asymmetric propeller structures in the Saturnian
ring system

Michael Seiler, Martin Seif3, and Frank Spahn

Departement of Physics and Astronomy, University of Potsdam, Germany (miseiler @uni-potsdam.de)

Abstract

Small sub-kilometer sized objects (called moonlets)
embedded in the dense rings of Saturn cause density
structures due to their gravitational interaction with the
surrounding ring material which resemble a propeller,
giving the structure its name. The prediction of the ex-
istence of propeller structures within the dense rings
of Saturn [2, 3] led to their detection [5, 4, 6]. The
recurrent observation of the largest propeller structure
called Blériot in Cassini ISS images allowed the recon-
struction of its orbit. The analysis yielded that Blériot
is deviating considerably from its expected Keplerian
orbit [7]. This offset motion can be astonishlingly well
composed by a three-mode hamonic fit [1].

We perform hydrodynamic simulations to study
the changes of the propeller structure due to a disk-
embedded moonlet which is librating in a certain mode
around its mean position. We present results showing
how the induced propeller structure changes due to the
libration of the moonlet and if these changes are visi-
ble in Cassini images. Further, we estimate the influ-
ence of the gap’s gravity on the moonlet. In this way,
we test the model of Seiler et al. (2017), who predict
the moonlet to librate around its mean position due to
the back reaction of the gap on the moonlet [1].
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Abstract

Saturn’s ring spokes are still a not fully
understood phenomenon, observed so far only
during the three Saturnian equinoxes in the
space era (every ~14 vyears). Cassini-VIMS
observations during the 2009 equinox widened
for the first time the spoke investigations to the
near-infrared spectral range longward of 1 um.
Two sets of spoke sequences, at different solar
phase angles, will be discussed here. The
coverage of water ice and methane absorption
bands of the VIMS spectra seems to suggest
that further illumination sources other than direct
sunlight are significant in producing the
observed spoke reflectance, and the
consequences for microphysics retrievals will be
discussed.

1. Introduction

Saturn’s B ring is known to sometime host some
elongated ephemeral features appearing close
to the Saturnian equinoxes. They have been
imaged in the past in only three occasions:
during 1980 equinox by Voyager cameras [1],
during 1995 equinox through Hubble Space
Telescope [2], and during 2009 equinox by
Cassini camera [3]. Images showed spokes
being darker than the ring at small solar phase
angles and brighter at high phase angles.
Moreover they move partially pushed by
Saturn’s magnetic field, suggesting that they are
composed of very small charged dust/ice grains.

Physical models, based on electrostatic lifting of
fine sub-micron grains from the regolith of ring’s
particles, have been developed since Voyager
observations. However, there is not vyet
unanimous consensus on the formation
mechanisms for spokes, in particular about the
triggering process. Meteoroids bombardment
has been earlier invoked as trigger ([4]), as well
as precipitation of electrons from Saturn’s

lightning storms ([5]), while collisional cascade
models have been proposed to trigger the
formation of spokes from the debris of other
spokes ([6]). In any case, the dynamical
evolution of spoke’s grains is driven by their
mass and their charge, and both these
parameters are rather poorly constrained by
observations.

1.1 Spokes by Cassini-VIMS

Cassini mission allowed for the first time to
observe spokes in the near-infrared, by means
of the Visual and Infrared Mapping
Spectrometer (VIMS). This is an imaging
spectrometer providing data cubes in the 0.35-
51 um range with a 7 to 20 nm spectral
resolution, and able to acquire images of the
Saturn’s ring with discrete flexibility in terms of
spatial resolution, phase angle, and pointing.
Dozens of spokes are detectable in VIMS
images acquired for several months across the
2009 August equinox. They allow
unprecedented studies on their spectral
properties, with the purpose of retrieving
composition and structure of spoke grains from
the way they modify the B ring reflectance.
Earliest analysis of this data suggested the
presence in spokes of a population of micron-
sized grains larger than previously thought ([7]).
However, the retrieval of spoke properties from
spectra is not straightforward as they act as a
small perturbation of the ring’s reflectance, often
smaller than the strong radial variation of B ring.
At the VIMS moderate spatial resolution, spokes
often cover an unknown fraction of few VIMS
pixels.

2. VIMS spectra of spokes

We will report here about two significant VIMS-
IR spoke datasets (0.8-2.8 um), acquired at very
different solar phase angles, showing two
sequences of bright and dark spokes.



A bright spokes sequence (figure 1) has been
identified in a long staring data sequence of
images at high phase angle (110°), where at
least 7/8 spatially unresolved spokes can be
found shining against a dark B ring. A dark
spokes sequence (figure 2) has been found by
mosaicking a low phase angle (40°) data
sequence at much higher spatial resolution.
Both sequences have been acquired by staring
pointing to the morning ring ansa for a duration
long enough to cover about one full rotation of
Saturn.

Figure 1: a sequence of bright spokes extracted
from a VIMS data sequence at 110° phase
angle.

Figure 2: a sequence of dark spokes in a mosaic
of VIMS data at 40° phase angle.

3. Multiple reflections

In the observing condition of the bright spokes
sequence, the light scattered by the rings
appear strongly contaminated by the illumination
from Saturn (Saturn-shine), and this s
particularly true for the B ring. Even when B ring
reflectance is removed, bright spokes spectra
clearly show reversed residual methane bands

suggesting the spokes would be dark if viewed
in Saturn’s light only. Moreover, the spectra over
both bright and dark spokes show enhanced
water ice absorption bands_in respect to the B
ring in the same observing conditions. At the
current stage of analysis, the most likely
explanation invokes ring-shine as a further
illumination source, able to directly enhance the
water ice signatures, as observed.

4. Summary and conclusions

Detection of multiple illumination sources for
spokes other than direct sunlight is discussed.
VIMS is the first instrument sensitive to these
multiple shines on spokes thanks to the
coverage of near infrared range. However these
multiple shines can also affect the visible
wavelength range, where all the results from
previous studies about spokes microphysics rely,
and where these effects are hardly recognizable.
As a consequence, previous retrieval of spoke
properties based on visible observations may be
somewhat biased. De-biased retrievals require
more complex models of radiative transfer, but
may yield to spoke particles more isotropically
scattering than previously thought, possibly
confirming the higher concentration of um-sized
particles as suggested in [7].
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Abstract

Planetary rings are ensembles of granular (icy) aggre-
gates ranging in size from centimetres up to a few me-
tres. They form an extremely thin Keplerian disk —
vertical extent of about 10 metres — driven by a steady
shear caused by the gravity of the central planet. The
ensemble is dominated by dissipative collisions which,
in densest regions of Saturn’s rings, reach more than
> (3Q7)~! collisions per orbital period T = 27/
(Kepler-orbital frequency €2). The optical depth 7 < o
is a measure for the surface-mass density o in the
rings. Each collision is able to either dissipate ther-
mal energy of the ring-aggregates while it may change
its size due to aggregation or fragmentation [1]. A
balance between aggregation and fragmentation has
found to successfully explain the observed size distri-
bution of e.g. Saturn’s rings [2] under assumptions
of Maxwellian velocity distribution (VD) and energy-
equipartition in form of an unique granular tempera-
ture " characteristic for all particles sizes k£ (k — num-
ber of model-monomers the aggregated consist of).

However, an expression of the deviation from the
thermodynamic equilibrium of the ensemble — irre-
versible collisional processes dissipate kinetic (ther-
mal) energy of the ensemble — is the violation of the
energy equipartition. The latter is characteristic for
conservative Hamiltonian systems.

In this work we quantify this effect by describing a
balance between granular cooling (1 — €2) and vis-
cous heating oc )2, again under the assumption of
Gaussian VD, but with mass dependent granular tem-
peratures T'(k) = T},. Here, the restitution coefficient
€ (ratio of the normal impact speed before and after
the collision) is assumed to be rather small ¢ < 1 and
constant, while v labels the granular viscosity. Using
the momentum-conservation and the energy-balance at
a single binary collision between a small (mass m)
and a large (mass m;) we show that the respective spe-
cific energy-dissipation AE, ;; o< my,;/(ms +my) is
the larger the smaller the ring-aggregate is. In other

words, the deviation from the energy equipartition be-
comes largest for the smalles members of the aggre-
gate ensemble. We quantify this effect in a steady state
by using the mass/size distribution n; = n(k) derived
by Brilliantov et al. [2].

The extension of the state variables a temperature
vector T}, in addition to mass-densities g and veloc-
ities 4, ~ 1, allows to charactize the mass/size de-
pendence of transport-processes (e.g. ¥ — V). This
offers the chance to investigate possible related insta-
bilites like e.g. mass seggregation, clustering.
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Abstract

In order to create an in-situ survey of the microsized
dust in the inner magnetosphere of Saturn, we used
a new method, applied to a collection of about one
million radio spectra acquired between 2004 and 2016
with the HF-RPWS receiver (covering the band 3.5-
318 kHz [2]), simultaneously with two kinds of elec-
tric antennas, a monopole and a dipole (paper in prepa-
ration 2017).

The method consists in the comparison of the volt-
age power spectra measured from the monopole and
from the dipole, and then exploiting the fact that the
monopole is much more sensitive to the dust impacts
than the dipole [1]. For that purpose, we are using
the lowest band of the HF-RPWS receiver (3.5kHz-
10kHz), where both the plasma shot noise and the dust
impact noise are fully dominant. We obtain a reliable
diagnosis on the dust grains impacting the spacecraft,
namely an observable which is only depending on the
ambient dust grain density, grains size distribution and
their impact velocities.

The main advantages of the method is to allow, with
rather small telemetry flow, a continuous survey of the
dust impacting the spacecraft. The dust observable is
almost immune to the spacecraft floating potential and
practically uncorrelated to the ambient plasma varia-
tions, in addition to having a large impact detection
area and a high cadence of measurements.

The main inconvenience is to supply only one ob-
servable which is a mixing between a minimal dust
flux (with a threshold of sensitivity) and the mass/size
of grains, including some assumptions about dust im-
pact velocities on the Cassini spacecraft. Since this
technique reveals the dust concentration together with
the electron density and temperature, with the same in-
strument, it is also particularly suitable to study dust-
plasma interactions.

Over a long period of observations on many
Cassini’s orbits, it has revealed the long-term and
large-scale structure of the dust distribution in the in-

nermost part of the visited Saturn’s magnetosphere,
in a very reliable way from about 2 to 13 Rs, that is
within the dust E-ring and the plasma torus (both orig-
inating from Enceladus cryovolcanic activity).

In this presentation, we will show the more recent
results obtained with our method and we will even-
tually focus on the data acquired during the Cassini
Grand Finale. The dusty plasma diagnosis should be
relevant around each crossings of the ring plane, at
about 1Rs from Saturn and +10 deg latitude. We plan
to discuss some properties of the dust which populates
(or not) the equatorial plane between the inner edge of
the rings and the upper ionosphere of Saturn.
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Abstract

In its two-part end-of-mission maneuvers, the Cassini
has obtained and (as of this writing) continues to ob-
tain the sharpest and highest-fidelity images ever taken
of Saturn’s rings. Among the results we can report
so far are 1) radial variations in the degree of visible
“clumpiness” in the ring, 2) a particle-size distribu-
tion for small “propellers,” yielding insights into the
history and dynamics of the ring’s largest particles, 3)
close-range flybys of three large “propellers,” obtain-
ing new details of how the unseen moons disturb and
interact with the ring in which they are embedded, and
4) expanded data on the size, frequency, and spectral
properties of impact ejecta clouds in the rings.

We will report on our ongoing analysis of these new
images.

1. Introduction

Cassini is ending its spectacular 13-year mission at
Saturn with a two-part farewell. From December 2016
to April 2017, the spacecraft executed 20 near-polar
orbits that passed just outside the outer edge of the
main rings; these “Ring-Grazing Orbits” (RGOs) pro-
vided the mission’s best viewing of the A and F rings,
the Cassini Division, and the outer B ring. From
April to September 2017, the spacecraft is executing
22 near-polar orbits that pass between the innermost
D ring and the planet’s clouds; this “Grand Finale”
(GF) provides the mission’s best viewing of the C and
D rings and the inner B ring.

2. Clumpy Belts

Clumpy structure called “straw” was previously ob-
served in parts of the main rings [1], especially in the
troughs of density waves and in other locations where
ring material has recently been released from compres-
sion. RGO images show this structure with greater
clarity, which will enable measurement of the struc-
ture and comparison with numerical simulations.

LILLINEEIN

Figure 1: Cassini image of strong radial structure in the in-
ner A ring. The upper panel shows the plain image, while the
lower panel shows a contiguous portion of the same image
after application of a filter that removes the radial structure
so that compact structure is more visible. The red line marks
a boundary between two characters of radial structure.

More surprisingly, RGO images reveal similar
clumpy belts in regions that (to our knowledge) have
not recently undergone compression, such as the in-
ner A ring (Fig. 1). This region is thought to be sub-
ject to self-excited modes called “viscous overstabil-
ity” [2], though it is not yet clear whether the clumpy
belts are correlated with the occurrence of VO.

3. Flocks of Propellers

A “propeller” is a local disturbance in the ring created
by an embedded moon [3, 4, 5]. Cassini has observed
two classes of propellers: small propellers that swarm
in the “Propeller Belts” of the mid-A ring (discussed
in this section), and giant propellers whose individual
orbits can be tracked in the outer A ring (discussed in
the following section).

The original discovery of propellers in the Propeller
Belts [3] used four images taken from unusually close
range during Cassini’s maneuver to initially put itself
into Saturn orbit in 2004. The propellers discovered
in those images were smaller than those seen later in
the mission in the same location [4, 5], and a clear
connection between the different size populations has



Figure 2: Cassini image of propellers and a density wave in
the mid-A ring. The green square indicates the approximate
size of the original propeller discovery images [3], and the
propellers within the green square are approximately the size
of the discovery propellers. The red circles indicate larger
propellers nearby.

not previously been established. RGO images (e.g.,
Fig. 2) show, for the first time, a wide range of sizes
in the Propeller Belts, putting the SOI propellers in
context.

4. Propeller Close-ups

The orbits of giant propellers have been tracked for the
past decade, tracing the effect that the ring has upon
them [6]. In the RGOs, close-up views of selected pro-
peller shed light on their effects upon the ring.

We will present maps of of the propeller structures,
with enhanced ability to convert brightness to optical
depth and surface density due to information from both
the lit and unlit sides of the rings (Fig. 3). The images
contain more complex structure than is predicted by
simple models, which we will describe, and for which
we will comment on likely explanations.

5. Impact Ejecta Clouds

Being a large and delicate system, Saturn’s rings func-
tion as a detector of the planetary environment. The
population of decimeter-to-meter-sized meteoroids in
Saturn’s vicinity was estimated from images of impact
ejecta clouds in the rings [7]. RGO images increase
the number of detected IECs by a factor of several.
Also, spectral information from color filters may con-
strain the particle-size distribution of the ejecta, thus
constraining the fracture properties of ring material.

Figure 3: The propeller “Santos-Dumont,” viewed on the lit
side (top) and unlit side (bottom) of the rings. On the lit side,
the rings look darker where there is less material to reflect
sunlight. On the unlit side, some regions look darker because
there is less material, but other regions look dark because
there is so much material that the ring becomes opaque. For
example, in the unlit-side view, the broad, dark band through
the middle of the propeller seems to be a combination of both
empty and opaque regions.
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Abstract

Compared to the inner rings, which are very narrow
and well defined around the equatorial plane of Saturn,
the E-ring is very diffuse with no strict boundaries be-
cause many dust particles, moving on various inclined
orbits around Saturn, are blurring the structural limits
of the ring. Cassini’s Cosmic Dust Analyser (CDA)
provides a large number of time-of-flight mass-spectra
of dust impacts recorded during a planar E-ring pas-
sage in 2015, which extract the chemical composition
of dust grains. During these measurements the bore-
sight of the CDA was periodically changed in vertical
direction to allow the examination of not only the ra-
dial but also the vertical compositional distribution of
the incoming dust grains. Here we present the first ra-
dial and vertical, compositional profiles of dust grains
within the E-ring and discuss the implications.
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Abstract

In situ mass spectrometers analyzing the composition
of icy grains in space, like the Cosmic Dust Ana-
lyzer (CDA) on Cassini or the Surface Dust Anal-
yser (SUDA) onboard the future Europa Clipper Mis-
sion, employ the impact ionization mechanism to ion-
ize substantial parts of impinging ice grains by the ki-
netic energy of the impact. As the impact speed of
the grains can vary greatly, the resulting cationic or
anionic mass spectra can have very different appear-
ances, even if similarly composed.

A good analog to the impact ionization of ice
grains is a laser based analog experiment where a ym
sized liquid water beam is intersected by a pulsed in-
frared laser at suitable energies and wavelengths. The
cationic and anionic products are monitored by a high
performance time of flight mass spectrometer. In this
way, CDA’s cationic mass spectra from ice grains of
the E ring as well as the F ring could be accurately
reproduced.

In this work, we demonstrate the capability of our
improved laser experiment in Heidelberg to quantita-
tively reproduce CDA spectra recorded at a wide vari-
ety of impact speeds. CDA spectra of E and F ring
ice grains recorded at different impact speeds vary-
ing from 4 — 20 km/s are grouped into different speed
regimes. We accurately reproduce the drastically vary-
ing spectral appearances by tuning the laser parame-
ters and the delaytime of the gating system in front
of the mass spectrometer. We compare CDA spectra
of different composition (Type 1, 2, and 3 from Post-
berg et al., 2008, 2009) recorded at the different speed
regimes with our analog spectra and prove the capabil-
ity of the Heidelberg analog experiment to reproduce
them.
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